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METHANE GAS HYDRATE MORPHOLOGY AND IT’S EFFECT ON THE STIFFNESS AND
DAMPING OF SOME SEDIMENTS
By Emily V. L. Kingston
Gas hydrates are ice–like compounds found in deep sea sediments and permafrosts. Concise detection
and quantification of natural methane gas hydrate deposits, will allow for a more robust assessment
of gas hydrate as a potential energy resource or natural geohazard. Current seismic methods, used to
identify and quantify gas hydrates, have proved to be unreliable in providing accurate information on
the extent of natural gas hydrate deposits, due to the lack of understanding on how gas hydrate affects
the host sediment. Direct measurement of some hydrate bearing sediment properties has been made
possible in recent years through advances in pressure coring techniques, but methods for dynamically
testing these samples at in–situ pressures are still unavailable. Laboratory tests on synthetic hydrate
bearing sediments have shown that factors such as formation technique, sediment type and use of hy-
drate former affects the form and structure of hydrate in the pore space and how it interacts with the
sediment. The aim of this research was therefore to create methane hydrate in sediments under a variety
of conditions, so that the influence of hydrate morphology could be investigated.
A number of experiments were conducted using two distinct formation techniques. The first tech-
nique formed methane hydrate from the free gas phase in almost fully water saturated conditions. Five
sand specimens, with a range of hydrate contents from 10% to 40% were formed and tested in the gas
hydrate resonant column (GHRC). Results from these tests were compared with previous results from
tests where methane hydrate had been formed from free gas in partially saturated conditions. It was
found that formation method had a significant influence on the properties of the hydrate bearing sand,
and therefore the morphology of the hydrate in the pore space. The second set of experiments formed
methane hydrate from free gas within partially saturated sediments, but where the sediments were made
up of coarse granular materials with a variety of particle size and shape. As it had been established that
hydrate acts as a cement when formed under partially saturated conditions, the experiments aimed to
observe the effect of particle size and shape on hydrate bonding mechanisms. The results showed that
the influence of disseminated hydrate on the physical properties of the specimens was affected by both
mean particle size and by particle shape, with the surface area of the sediment grains influencing the
volume and distribution of hydrate throughout a material and therefore it’s bonding capabilities.
In addition to the experiments on synthetic hydrate specimens, five core sections containing natu-
rally occurring gas hydrate in fine grained sediments were made available to the University of Southamp-
ton from the Indian National Gas Hydrate Program (NGHP) 01 expedition. High resolution CT imaging
of the core sections observed large volumes of methane hydrate as a network of veins throughout the
specimens. Due to sample disturbance caused during the depressurisation and subsequent freezing of
the samples prior to delivery, dynamic testing in the gas hydrate resonant column apparatus was not
feasible. Therefore, the hydrate was dissociated and a number of geotechnical tests were undertaken on
the remaining host sediment. Results from these tests suggested that hydrate dissociation could affect
host sediment properties, due to a change in water content, salinity and structure.
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Chapter 1
INTRODUCTION
Naturally occurring gas hydrates are ice–like, crystalline solids that form when water and gas
molecules are brought together in a low temperature and high pressure environment. Under
these conditions, water molecules can form a lattice or cage that surrounds small gas molecules,
such as methane or a number of other hydrocarbon gases. The water molecules encase the gas,
or guest molecule, in a structure similar to that of ice. However, unlike ice, the presence of a
guest molecule means that under high pressure, hydrate can form at temperatures above 0◦C.
The most common naturally occurring gas hydrate is methane. Methane hydrate is stable at
temperatures above the freezing point of water when pressures exceed 2.5MPa (Figure 1.1).
There are a number of natural environments where the right pressures and temperatures for
methane hydrate formation exist. Submarine sediments in a water depth of over 400m have the
potential to harbour methane hydrate (Sloan, 1998), as well as sediments over 200m deep in
the Arctic permafrost.
1.1 Background
Gas hydrates in natural sediments have been studied since they were first discovered in the Rus-
sian permafrost in 1965 (Makogon 1965 cited in Makogon et al. (2007)). By means of drilling,
coring and seismic surveying operations, methane gas hydrate has now been identified in most
continental shelf and permafrost environments worldwide (Figure 1.2). The estimated volume
of methane gas trapped within natural hydrate deposits is thought to exceed 1016m3 (Dawe &
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Thomas, 2007; Milkov, 2004; Katz & Lee, 1990). The identification of such large accumu-
lations of methane gas has important implications with regard to the global environment, in
terms of climate change and submarine slope stability. Additionally, there is the considerable
effect that this quantity of gas could have on the economy in terms of global energy resources.
Environmental Impacts
Methane, as a greenhouse gas, is 20 times more effective at retaining atmospheric heat than
carbon dioxide. At present, methane causes 4 - 9% of the greenhouse effect in the Earth’s
atmosphere. If the quantity of methane in the atmosphere were to rise sharply, this contribution
would escalate. Some evidence has been documented that connects gas hydrate dissociation
to global climate change events in the past. Dickens et al. (1995) describe the connection
between the Late Paleocene thermal maximum (55.6Ma) and a voluminous release of methane
from gas hydrate contained in marine continental sediments. There is also evidence of hydrate
dissociation in relation to the Early Toarcian ocean anoxic event (183Ma) and a severe period
of global warming in the Mesozoic (Hesselbo et al., 2000; Jahren et al., 2001). As methane
hydrate is only stable at low temperature and high pressure, changes in sea temperature and
level could cause mass dissociation of near surface deposits.
In addition to the impact that methane hydrate could have on global climate change, submarine
hydrates have also been connected to slope instability on continental margins (Ashi, 1999;
Paull et al., 2000). It is thought that the dissociation of gas hydrate in submarine sediments
could have been the cause of a number of major underwater landslides, including the Storegga
Slide off the coast of Norway (Mienert & Buenz, 2001). Slide and slump scars along the US
Atlantic margin have also been well documented which show a possible relationship between
gas hydrate decomposition and sediment failures (Booth et al., 1994).
Natural gas hydrates have been acknowledged as a hazard in the oil and gas industry for many
years (Katz & Lee, 1990). Hydrate growth causes blockages in high pressure pipelines, and
there is a lucrative business in the prevention of its growth by developing efficient hydrate
inhibitors. There is also the danger of hydrate formation within the well tubing and drill string
of a producing well. Blockage in these situations can create gas kicks and other dangerous
situations (Katz & Lee, 1990). As deep sea exploration and production from deep oil and
gas reservoirs becomes more common, another gas hydrate hazard has been recognised by
the oil industry. When drilling through a hydrate bearing sediment, the heat from circulating
drilling fluids can change the stability conditions of the surrounding sediment. Gas hydrate
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decomposition could cause free gas to be released, or the subsequent ’slush’ from melting
hydrate could trigger tubing collapse, sea floor instability and slope failures (Dawe & Thomas,
2007).
Economical Impacts
Economically, gas hydrates may provide a new energy resource for many countries in the fu-
ture. There are a number of nations keen to produce from gas hydrates, including Japan, Korea
and India, as they have little other hydrocarbon resources. The Messoyakha gas field in north-
ern Russia, has been producing from methane gas hydrate for almost 40 years (Makogon et al.,
2007). The dissociation of methane hydrate in the area has provided the free gas that is ex-
tracted using conventional techniques. This field could prove that production is possible from
hydrate bearing sediments, however, there is some geological evidence suggesting that hy-
drate dissociation is not the cause of the gas accumulation at Messoyakha (Collett & Ginsburg,
1998). Even so, methods of extracting the gas from in–situ methane hydrates are still being
investigated, with the prospect of future large scale production (Majarowicz & Osadetz, 2001;
Collett, 2004; Pooladi-Darvish, 2004; Dawe & Thomas, 2007; Makogon et al., 2008). There
is no doubt over the scale of energy resource that the worldwide accumulations of gas hydrate
represent, even though a large volume of the methane trapped within hydrates is potentially
non–recoverable. Recent estimates suggest that at current rates, successful exploitation of gas
hydrates could provide a further 200 years of world wide energy consumption (Makogon et al.,
2007).
1.2 Defining the Gas Hydrate Problem
To properly assess the hazards and economic possibilities of gas hydrates, accurate detection
and quantification of methane hydrates is necessary (Makogon et al., 2007). Current geo-
physical methods still rely on the identification of a sub–surface horizon named the “bottom
simulating reflector” or BSR to detect hydrate presence, even though this has been proven to
be unreliable (Chand & Minshull, 2003; Singh et al., 1993; Pecher et al., 1996). It is therefore
necessary for the seismic signatures of hydrate bearing sediments to be better understood. In
order to do this, hydrates can be tested in the laboratory. Ideally, natural hydrate samples are
tested and although advances in pressure coring have allowed for intact methane hydrate sam-
ples to be recovered, the methods for dynamically testing hydrate bearing sediments at in–situ
conditions are still unavailable. Therefore, there is a high demand for synthetic hydrates to be
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made and tested in the laboratory.
Results from laboratory tests to find the seismic velocities of synthetic hydrate bearing sedi-
ments have yielded a wide range of values. Some researchers have reported high compressional
wave velocities, over 3000ms−1, for certain concentrations of hydrate in the pore space (Waite
et al., 2004), whereas others predict values over 1000ms−1 lower at the same concentrations
(Spangenberg & Kulenkampff, 2005). Results suggest that hydrate does not have the same
affect on seismic velocity for different host sediments. It appears that the form and structure of
hydrate is dependant on a variety of factors such as saturation state, sediment type, and whether
hydrate forms from a free gas state or from gas dissolved in the pore water. Investigation into
hydrate morphology in sediments is therefore key to eventually understanding natural hydrate
seismic signatures.
The goal of this research is to investigate how hydrate morphology affects the physical proper-
ties of host sediments by utilising previously developed equipment that measures the stiffness
and damping of sediment specimens containing methane hydrate (Priest, 2004). Results would
provide information on the morphology of hydrate in the pore space, and allow hypotheses to
be drawn on the form and structure of methane hydrate in natural sediments. In order to study
the affect of hydrate dissociation on host sediment properties, natural hydrate samples have
also been investigated and have provided information on the complex morphology of natural
hydrate in fine grained sediments.
The aims of this research can therefore be summarised as follows:
• To synthesise methane gas hydrate in fully water saturated porous media, from the free
gas state, using the same equipment and materials that were utilised by Priest (2004), so
that results from the two sets of experiments can be directly compared. Once methane
hydrate has been formed, the aim is to determine the stiffness and damping values of the
hydrate bearing sediments so that conclusions on the morphology of hydrate in different
formation conditions can be made.
• To form methane hydrate in sediments with a variety of particle size and shape in order to
investigate the effect of sediment type on the way hydrate interacts with a host sediment.
• To investigate the morphology of natural methane hydrate through imaging of samples
from the field, and subsequent geotechnical testing of these frozen natural samples in the
laboratory.
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1.3 Outline of Thesis
The thesis consists of the following chapters:
Chapter 2 presents a review of the current literature on methane hydrates including recent de-
velopments in sampling, detecting and synthesis in the laboratory. Different techniques
used to form hydrates in the laboratory are discussed, highlighting the discrepancies in
results obtained with these different techniques.
Chapter 3 introduces the set of laboratory tests undertaken to investigate hydrate morphology.
The chapter begins with a description of the equipment used for testing hydrate bearing
sediments, followed by a brief discussion on the reduction of data from the resonant
column tests. The chapter then describes two testing programmes, detailing the method-
ology for specimen preparation, hydrate formation and resonant column testing for each
set of tests. Typical results from the tests are then given.
Chapter 4 gives the results from the series of tests on hydrates bearing sediments in the reso-
nant column. A discussion of the results from both sets of tests is made, with particular
attention given to the comparison of the results in this research to those from previous
gas hydrate resonant column work.
Chapter 5 describes the investigation of a number of natural hydrate samples taken from the
Indian Ocean during NGHP-1. Results and analysis of three dimensional imaging of the
frozen samples gives information on the morphology of hydrates in natural sediments.
There is also a description of the sequence of geotechnical tests made on the host sed-
iment, undertaken by the author and various collaborators including research staff at
the National Oceanography Centre, Southampton, and Surrey Geotechnical Consultants
(SGC). Results from these tests provide information on the in–situ properties of hydrate
bearing sediments.
Chapter 6 presents the conclusions from each chapter, bringing together a summary of all the
findings from each body of work. There are also recommendations for future work using
the resonant column apparatus to investigate gas hydrate bearing sediments.
Chapter 2
A REVIEW OF GAS HYDRATES IN
SEDIMENTS
Gas hydrates have become important to the research community not only because of the poten-
tial energy resource they represent, but also due to the impact gas hydrate dissociation could
have on the global climate. It is estimated that the quantities of hydrate in sediments globally
could exceed the volume of known gas resources by 3000% (Dawe & Thomas, 2007; Milkov,
2004; Makogon et al., 2007). These values however, are based on seismic surveys, and recent
drilling suggests that these assessments may be incorrect. There is subsequently a need for
greater knowledge of the effects of gas hydrate on host sediment properties, to assist in the
correct interpretation of the amounts of hydrate in sub–sea sediments.
This chapter will begin by introducing the chemistry of gas hydrates, before describing the
morphology of hydrate in sediments and the problem this poses to the interpretation of sub–
surface seismic signatures. It will then continue by detailing the impact hydrate has on the
mechanical properties of a host sediment, with a final discussion on why continuing research
in this area is necessary.
2.1 An Introduction to Methane Gas Hydrate
Clathrates have interested scientists for almost two centuries. The original discovery of chlorine
hydrate by Sir Humphrey Davy in 1811 (Davy, 1811) was the first instance where the inclusion
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Structure I II H
Crystal System cubic cubic hexagonal
Cavity small large small large small medium large
Description 512 512 62 512 512 64 512 43 56 63 512 68
No cavities/unit cell 2 6 16 8 3 2 1
Average cavity radius A˚ 3.95 4.33 3.91 4.73 3.91 4.06 5.71
Ideal Unit Cell Formula 6x 2y 46H2O 8x 16y 136H2O 1x 3y 2z 34H2O
Table 2.1: Geometry of hydrate crystal cages. Adapted from Sloan (1998).
of molecules of one kind was seen within cavities in the crystal lattice of another (Max, 2000).
The term “hydrate” is given to clathrate compounds in which the crystal lattice is made up of
water molecules with inclusions of gas molecules. A number of hydrate structures have been
catalogued since the original discoveries.
Although gas hydrates had been identified in the laboratory in the 1800’s, it was not until the
1965 that Makogon first discovered and studied natural hydrate in the geological environment
(Makogon 1965 cited Makogon et al. (2007)). It has been found that hydrates form in a range
of sedimentary environments worldwide (Kvenvolden et al., 1993), and that their occurrence
is constrained by certain features such as temperature and pressure conditions, gas supply and
tectonic setting. The first part of this chapter gives a summary of the chemistry of all clathrate
hydrates, before focusing on natural methane hydrate.
2.1.1 Chemistry and Crystalline Structures
Clathrate hydrate has similarities to that of ice, as hydrate contains 85% water on a molec-
ular basis (Sloan, 1998). The difference lies in the crystalline structure, with ice showing a
non–planar array of hexagonal rings, compared to that of hydrate which forms 3D water cages
in which guest molecules reside. For natural gases, hydrate will form one of three crystal-
lographic lattice types: Structure I (cubic), Structure II (cubic) and Structure H (hexagonal).
Until recently it was thought that all hydrate formers fit into these structures, however new
research has reported that other lattice types exist (Udachin & Ripmeester, 1999).
Figure 2.1 shows the pentagonal dodecahedron (512) which is the building block of all hydrate
structures. From Table 2.1 it can be seen that this cage is present as the small cavity for all
hydrate structures, accompanied by a number of different size cages for each lattice type.
Which of these lattices form depends solely on the the size of the guest molecule (Kirchner
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Figure 2.1: Pentagonal Dodecahedron cage shape in clathrates, showing water and guest molecules.
et al., 2004; Koh, 2002; Sloan, 1998). Structure H hydrate has the ability to encase the larger
gas molecules (between 7.1A˚and 9A˚in diameter), whereas structures I and II can only contain
those with a radius of less than 6.5A˚(Sloan, 1998).
Structure I (sI) hydrates will form with gases that have the smallest molecule diameters. They
therefore contain biogenic gases such as methane (4.36A˚), carbon dioxide (5.12A˚), ethane
(5.5A˚) and hydrogen sulphide (4.58A˚) which makes them the most common naturally occur-
ring hydrates. Structure II (sII) hydrates form from gases with molecules larger than ethane,
but smaller than n–butane (7.1A˚). This means that Structure II hydrates are more common in
the hydrocarbon production and processing industry. Structure H (sH) hydrate incorporates the
larger hydrocarbon molecules present in crude oil, and has consequently become more impor-
tant in the hydrocarbon industry.
2.1.2 Properties of Solid Hydrate
Table 2.2 details the fundamental properties for solid methane and solid propane hydrate. The
measurements have been derived from a number of sources, using a number of measurement
techniques. Kiefte et al. (1985) used Brillouin spectroscopy on a small volume of relatively
pure propane hydrate samples, whereas Waite et al. (2000) used pulse wave transmission
through dense polycrystalline methane hydrate to obtain results. Also given are the proper-
ties of pure methane hydrate derived from first principles by Miranda & Matsuoka (2008).
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Water Methane Propane Methane
Property Icea Hydratea hydratea hydrateb
Density (gcm−3) 0.916 0.91 0.88 0.89
Shear Modulus G (GPa) 3.5 3.3 2.4 4.3
Bulk Modulus K (GPa) 8.8 7.7 5.6 –
Young’s Modulus E (GPa) 9.3 8.5 8.3 11.07
Vp/Vs 1.96 1.93 1.95 1.80
Poisson’s Ratio 0.325 0.317 0.32 0.2776
Table 2.2: The elastic properties of solid methane (sI) and propane (sII) hydrate with comparison to that
of water ice. aExperimental results on hydrate after Waite et al. (2000); Davidson (1983); Kiefte et al.
(1985). bCalculated properties from Miranda & Matsuoka (2008)
Their results predict the density of hydrate to be slightly lower than experimentally measured
values, as well as suggesting that the shear and Young’s moduli of methane hydrate are higher
than that of water ice.
Durham et al. (2003) conducted triaxial tests on dense polycrystalline methane hydrate, which
showed that over their range of test temperatures and strain rates, methane hydrate was on
average 20–30 times stronger than ice. This high strength of hydrate compared to water ice has
significant implications for the mechanical behaviour of hydrate bearing sediments. Durham et
al’s (2003) results also suggest that the theoretical derivation of hydrate strength from Miranda
& Matsuoka (2008) could be closer to the truth than the experimental values found by Kiefte
et al. (1985) and Waite et al. (2000).
2.1.3 Methane Sources and Conditions for Hydrate Deposition
Natural hydrate presence is limited on the earth’s surface due to the specific stability conditions
shown in Figure 1.1. As well as having the correct temperature and pressure conditions, the
sediment must also have sufficient influx of gas and water in order for hydrate to form. En-
vironment, gas origin and gas supply are therefore the factors that dictate the presence of the
world’s hydrate resource.
The appropriate thermobaric conditions coupled with the availability of water, initially control
the occurrence of natural hydrate in a sediment. This makes the deep sea an ideal location
for hydrate growth as pressure increases and temperature decreases with depth. In deep sea
sediments however, hydrate is only stable in the top 0.7km on average due to the geothermal
gradient (Figure 2.2), with the area of stability being termed the hydrate stability zone (HSZ).
This zone can vary in depth across the oceans due to a number of factors:
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• The change in ocean depth worldwide means that thickness of the HSZ can differ, with
increasing thickness correlating with increasing water depth.
• The chemistry of the guest molecule has a large effect on the stability region. In areas
such as the Gulf of Mexico where the gas is not pure methane, the base of the HSZ has
been observed to occur at temperatures 2◦C higher than a pure methane deposit (Dillon
& Max, 2000).
• Change in fluid flux rate can cause the top of the stability zone to lie closer to the sea
floor (Hyndman & Davis, 1992).
The stability region for permafrost hydrate differs slightly from oceanic hydrate in that it ex-
tends deeper into the sediment (Figure 2.3). In the MacKenzie Delta-Beaufort Sea Region of
the Arctic the HSZ has been suggested to be 1.2km deep (Collett & Dallimore, 2000), over
300m deeper than the depth limit of the HSZ in the open ocean.
In conjunction with the appropriate thermobaric conditions, gas source and supply are key to
hydrate development. In oceanic and permafrost environments, methane is generated by the
breakdown of organic matter that is contained within the sediment, either in-situ or deeper in
the sediment column. Two types of methane can be identified due to a six stage reduction
process: Biogenic and thermogenic. Biogenic methane is derived through the first four stages
of bacterial decay, ultimately ending with the breakdown of CO2 by bacteria after the sulphate
in the organic matter has been reduced. Thermogenic methane is produced in two further
stages of organic matter decay, due to the thermal breakdown of heavier hydrocarbons at high
temperatures. Methane produced in this fashion is often found in conjunction with ethane,
propane or butane (Wellsbury & Parkes, 2000).
Oceanic hydrates predominantly contain methane of biogenic origin (Kvenvolden, 1995), as
do hydrates found in arctic permafrost. However, deposits containing ethane and propane ac-
companying methane have been found in the Gulf of Mexico (Brooks et al., 1984) that suggests
thermogenesis may also produce the gases found in some hydrates. Methane produced biogeni-
cally could form hydrate in–place but generally migrates to the HSZ from deeper sediments.
However, thermogenic gases must be transported to the HSZ as it is produced at tempera-
tures too high for gas hydrate to form. There are currently two models for methane migration
into the HSZ. Firstly, free gas could migrate through fissures and permeable sediments to the
HSZ where the correct conditions and water availability allow for hydrate formation (Minshull
et al., 1994; Soloviev & Ginsburg, 1997). Alternatively, water containing dissolved methane
becomes super–saturated when the temperature decreases as it rises into the hydrate stability
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Figure 2.2: Stability region of methane hydrate in the oceans as defined by temperature and pressure
(as indicated by water depth below sea surface). Redrawn from Dillon & Max (2000).
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Figure 2.3: Stability region of methane hydrate in the permafrost as defined by temperature and pressure
(as indicated by depth below ground). Adapted from Kvenvolden (1988).
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zone (Hyndman & Davis, 1992). This would mean hydrate crystallising out without a gas
phase.
Due to the conditions described above, the location of hydrate in the earth is restricted to deep
ocean and permafrost environments with particular tectonic and sedimentary features. Pas-
sive continental shelves and active accretionary prism margins harbour the deep–sea hydrate
resources, as they combine a gas supply from appropriate source rocks with a compatible ther-
mobaric environment. The extent of permafrost hydrate is seemingly controlled by an avail-
ability of gas, as all permafrost environments have the appropriate thermobaric conditions for
hydrate stability.
2.2 Gas Hydrate Morphology
Gas hydrate is a solid material, which as it grows in a sediment, takes on a form and structure.
Hydrate can be considered on two scales: Macro–morphology relates to the structure of large
scale hydrate formation in a sediment, with micro–morphology referring to the grain scale
interaction of hydrate and host sediment particles. Evidence from visual observation of natural
and laboratory grown hydrate is that hydrate takes a variety of morphologies that are dependent
on host sediment type, gas supply to the HSZ, and tectonic setting. As hydrate is a material
with significant mechanical properties (section 2.1.2), an understanding of the morphology is
crucial when considering it’s effect on host sediment properties, and the application of this
knowledge to detection and quantification of hydrate in the sub–surface. This section discusses
the variety of hydrate morphologies that occur in nature, and the environments in which they
have been observed.
2.2.1 Macro–Morphology
Four distinct morphologies are widely recognised for methane hydrate growth in sediments
(Figure 2.4). Disseminated hydrate describes a deposit that is homogeneously distributed
throughout the soil macro–structure (Clennell et al., 1999; Ginsburg, 1998; Booth et al., 1998).
Larger accumulations of hydrate can be described as either nodular or layered deposits. If the
supply of gas and water is sufficient, each of these hydrate morphologies then has the potential
of developing into massive hydrate deposits (Malone, 1985).
Malone’s morphologies are well established within the research community. However, recent
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Figure 2.4: The four types of natural hydrate deposit in sediment. From Malone (1985)
advances in natural hydrate sampling and imaging (Section 2.2.3) has led to another classifi-
cation system which describes hydrate in terms of two morphological types: Pore–filling and
grain–displacing (Collett et al., 2008; Holland et al., 2008; Riedel et al., 2006). Pore–filling
morphology describes hydrate that forms in the pore space of a sediment, replacing the pore
fluid without significantly displacing the sediment grain matrix (Collett et al., 2008). Grain–
displacing hydrate does not occupy the pore space, but forms between grains as discrete nod-
ules, layers and lenses of pure hydrate (Holland et al., 2008). In terms of Malone’s (1985)
classification, “pore–filling” and “grain–displacing” morphologies can occur for each of the
macro–morphologies in Figure 2.4, but these two terms allow for the interaction of the hydrate
and the sediment grains to also be considered when discussing hydrate morphology.
2.2.2 Micro–Morphology
The interaction of hydrate with sediment grains, or “micro–morphology” has been developed
over time through the efforts of Dvorkin et al. (1993; 1994; 1999b; 2000) and Clennell et al.
(1999) through modeling, and more recently by modern sampling and imaging techniques
(Riedel et al., 2006; Collett et al., 2008; Holland et al., 2008). Dvorkin et al. (2000) deduced
by using rock physics modelling (Section 2.4.3), that hydrate could form in a sediment in four
ways based on cementing or pore–filling morphologies. Figures 2.5 (a) and (b) show the two
configurations of hydrate if it were to form in the pore space. Figure 2.5(a) shows the hydrate
as a particle in suspension. Figure 2.5(b) shows a hydrate morphology where hydrate forms in
the pore space, but close to grain contacts, so as to become part of the sediment load bearing
frame. The other possibility for hydrate growth is that it acts as a cementing agent. Figures 2.5
(c) and (d) show the two configurations that hydrate cement may take. Figure 2.5(c) locates
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Figure 2.5: Diagrams showing the possible location of hydrate in a sand. (a) Hydrate grows in the pore
space between the grains. (b) Hydrate grows between grains becoming part of the sediment supporting
frame. (c) Hydrate nucleates and grows at grain boundaries forming a cement at the grain contacts. (d)
Hydrate grows to envelop the grains.
hydrate solely at grain contacts, whereas Figure 2.5(d) represents hydrate that envelops the
sediment grains and bonds where the surface coating cement comes into contact.
The pore–filling morphology described by Collett et al. (2008) and Holland et al. (2008) ap-
pears to fit into the modelled morphologies of Figure 2.5. Pore–filling hydrate can either form
inside the pore space (Figures 2.5(a) and (b)), or by cementing the grains together (Figures 2.5
(c) and (d)). Grain–displacing hydrate however, interacts with the sediment by pushing grains
aside, and so cannot be modelled by the configurations in Figure 2.5.
2.2.3 Visual Observation of Hydrate Morphology
There have been a number of attempts to observe hydrate growth in porous media directly, both
on the macro and micro scale. Brewer et al. (1997) created hydrate in situ at a depth of 910m in
the ocean, by bubbling gas through a variety of sediments. It was observed that in fine grained
sediments the hydrate formed in veins, whereas in coarse sediments it showed a more dispersed
nature. These observations have been validated by hydrate sampling, but the direct observation
of actual hydrate growth gave the first view of formation mechanisms.
Since the work of Brewer, visual observation of hydrate growth has moved to non–destructive
3D imaging techniques. High resolution X–ray computer tomography (CT) scanning is be-
coming a major contributer to the understanding of hydrates in sediments. Work by Mikami
et al. (2000) shows the use of CT scanning in investigating hydrate dissociation in sediments.
More recently, computer tomography has been used to monitor hydrate growth inside artifi-
cial sediment samples at the Lawrence Berkeley National Laboratory (Kneafsey et al., 2007).
The goal was to observe the formation and dissociation of hydrates in sands, so as to evaluate
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the importance of hydrate dissociation kinetics in porous media. The most recent advances in
visual observations come from the developments of CT scanning within the pressurized core
barrels of the HYACINTH system described in Section 2.3.1. Successful implementation of
the system during the NGHP–1 expedition has provided new images of hydrate morphology in
fine grained sediments (Collett et al., 2008).
The use of CT scanning in observing the micro–morphology of hydrates is likely to develop
as the technology improves and allows for higher resolution imaging. At this stage, however,
other methods have been used to observe gas hydrate micro–morphology. In order to inves-
tigate hydrate at the grain level, Tohidi et al. (2001) developed glass micro models, which
allowed direct observation of the formation of gas hydrate at a microscopic scale. The initial
experiments were based on the observation of hydrate formation from the different phases:
THF as a soluble hydrate former, carbon dioxide as a dissolved gas, and methane in the free
gas phase. From these experiments hydrate was directly observed forming from each phase,
which was used to validate models based on chemical analysis. Other grain–scale observation
of hydrates have been made using scanning electron microscope (SEM) (Kuhs et al., 2000).
Although the hydrate observed was pure, and unconnected with a porous medium, the imaging
technique may be used in the future for observing hydrate in the pore spaces of sediments.
2.2.4 Controlling Factors on Hydrate Morphology
The major controls on hydrate morphology in a sediment are lithology along with the availabil-
ity of components and subsequently geological setting. The numerous Ocean Drilling expedi-
tions that have observed natural gas hydrate (Lee et al., 1982; Aubouin et al., 1982; Kvenvolden
& McDonald, 1985; Paull et al., 1996; Larsen et al., 1999; Tre´hu et al., 2006; Riedel et al., 2006;
Collett et al., 2008) document the importance of lithology, specifically grain size, on how hy-
drate grows in a sediment. Coarse sediments, as seen at the Mackenzie Delta (Winters et al.,
1999) usually contain disseminated hydrate. Veined and nodular hydrates, like those drilled on
the Cascadia Margin (Suess et al., 2001) and off the east coast of India (Collett et al., 2008)
are generally found in fine grained sediment, with small pore sizes. The experimental work of
Brewer et al. (1997) highlights the lithological control, as the sediments of a small pore size
preferentially formed hydrate into veined and layered structures, whereas the sand experiment
with large grain sizes, produced a disseminated morphology.
The availability of gas and water also controls the morphology of a hydrate deposit. Partial
saturation of sediment in the HSZ can cause hydrate to form in discrete regions where wa-
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ter is available. The layered morphology of the hydrates observed by Soloviev & Ginsburg
(1997) was caused in this manner by a chimney of gas penetrating the HSZ and the reduced
availability of water at the hydrate front. The control posed by the availability of gas is di-
rectly related to gas source and supply. Methane produced biogenically in–situ could generate
a disseminated hydrate deposit regardless of sediment type (Sloan, 1998), however only small
hydrate concentrations could be grown in this manner. Hydrate deposits where methane has
been transported into the HSZ (either from biogenic or thermogenic sources) may show a num-
ber of morphologies depending on the mechanisms that control the gas transport (Trehu et al.,
2006).
Two end–member regimes have been identified with regard to gas transport. Focused, high–
flux (FHF) hydrate systems involved large volumes of methane concentrated through focused
conduits, either as gas or dissolved in pore fluids. Distributed, low–flux (DLF) systems, involve
methane produced near to where the hydrate is formed and where fluid flow is gradual and
consistent throughout the HSZ (Trehu et al., 2006). Where methane is delivered through a FHF
system, large, focused accumulations of hydrate are usually found showing layered and nodular
morphology (Riedel et al., 2006; Holland et al., 2008). These morphologies most likely form
due to the increased pore pressure induced in an FHF system. Cracks and fractures will form in
a sediment when fluid or gas is forced into pores until pore pressure exceeds the tensile strength
of the sediment (Hatcher, 1995). If the pore fluid (or free gas) remains under pressure, fractures
can propagate through the sediment column. These fractures can then be filled with hydrate
if this occurs in the HSZ. DLF systems are more likely to yield widely distributed hydrate
deposits of a disseminated nature (Trehu et al., 2006), due to the lower and more dispersed
pore pressures associated with the regime.
Which of the FHF and DLF transportation systems occur, depends on the geological setting.
Continental margins, where tectonic activity is low and fluid flow is pervasive throughout the
sediment column, tend to harbour hydrates formed from DLF systems (Trehu et al., 2006).
Alternatively, accretionary prism hydrate formations are more likely to have FHF transport
systems (and associated morphologies) as the tectonically active regions often contain rapidly
upward migrating pore fluids through focused conduits such as faults (Chand & Minshull,
2003). Evidence from the field lends weight to the transportation systems of Trehu et al. (2006).
The passive continental margins of the Blake Ridge and the east coast of India have both been
found to contain some disseminated hydrate in fine grained, clay–rich sediments (Guerin et al.,
1999; Collett et al., 2008), where previous, lithology based models may not have predicted this
morphology. In addition to this, areas of the NGHP–1 cruise in the Indian Ocean (Collett et al.,
2008), where tectonic folding had produced faulted basement sediments (FHF system), were
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found to have high concentrations of hydrate in a veined morphology (Holland et al., 2008).
2.3 Detecting and Quantifying the Hydrate Resource
The first discovery of natural gas hydrate in sediments was made in the Soviet Union in the
1960’s (Makogon et al., 2007). The identification of hydrate as a resource and potential geo-
hazard prompted widespread investigation into the worldwide hydrate presence. The bulk of
the knowledge on oceanic and permafrost hydrate deposits has come from the drilling and
sampling of deep sea sediments, or by seismic surveying techniques.
2.3.1 Drilling and Sampling
The pressure and temperature conditions of hydrate stability make the drilling and sampling of
methane gas hydrate a difficult task. Gas hydrate will decompose rapidly when removed from
it’s high pressure/low temperature environment and therefore much of the gas that is present in
the sediment, either as free gas or as hydrate, is lost during transportation to the surface. Thus,
any attempt to quantify hydrate content from samples recovered using standard drilling rigs
may not be accurate.
Testing of Hydrate Samples from the Field
Due to the difficulty in transferring hydrate from the natural environment into laboratory test
equipment, there has been little work on directly testing natural samples for their mechanical
properties. The only group of note to report success in testing natural hydrate is the USGS
community at Woods Hole, Massachusetts. Their GHASTLI (Gas Hydrate and Sediment Test
Laboratory Instrument) system allows for natural samples, as well as synthetic, to be tested
in controlled laboratory conditions (Winters et al., 2000, 2004). The natural samples tested
in GHASTLI are frozen in liquid nitrogen for storage prior to testing. The samples are then
prepared for the equipment in a cold room of −30◦C so that dissociation is minimised during
preparation. Once inside GHASLTI, the sample is then subjected to a confining pressure and
the temperature increased to melt the pore water, but retain the hydrate. The only published data
from these natural sample tests (Winters et al., 2000, 2004) shows results from cores retrieved
from the Mallik 2L–38 test well drilled in the Canadian Arctic during 1998.
Even though results were obtained from these tests, there are certain aspects to the coring,
transportation and storage of the tested cores that makes the results unreliable. Firstly, al-
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though pressure corers were used in both the Mallik well location and on ODP 164, neither
cores tested in GHASTLI were taken using a pressure corer. Therefore, dissociation of hy-
drate would have occurred during the journey to the surface, and in addition, the reduction in
pressure could cause any dissolved methane gas in the pore water to come out of solution and
distort the core structure. Furthermore, each core was stored in pressurised methane gas and at
approximately −10◦C during transportation and final storage before testing. Although likely to
maintain hydrate already present in the sediment, storage conditions such as these could induce
secondary hydrate formation – as noted by Winters et al. (2004). The solution, they suggest,
can only be addressed by the use of in–situ measurements being taken inside a pressurised core
barrel. It is this problem that the Ocean Drilling Program have tried to solve.
Pressure Coring
To address the pressure issues associated with recovering natural gas hydrate, the Ocean Drilling
Program developed the Pressure Core Sampler (PCS). Initially designed to sample and under-
stand the distribution and concentration of hydrocarbon gases, the apparatus allows for recov-
ery of a 1m long section of core at in–situ pressures. The standard PCS is capable of retaining
pressures up to 690bar (Pettigrew, 1992). Even though this progressed the sampling of hydrate
at depth, there are still issues with the PCS system. The PCS does not have temperature control
and so the core is exposed to a change in temperature as it is brought to the surface. There is
concern that during transport through cooler bottom waters, excess hydrate that was not present
in–situ may form (Dickens et al., 2000).
Even with the ability to collect hydrate bearing sediments at in–situ pressure, there are still
problems of reliably testing them once at the surface. It has become standard to store hydrate
samples in liquid nitrogen so as to slow dissociation, and for ease of storage. This however
means rapid depressurisation of the samples before freezing which allows for the exsolution
and movement of in–situ gases which may damage the core. With these issues in mind, the
HYACINTH system was developed by a number of collaborators with funding from the Euro-
pean Union (Francis, 2001). The HYACINTH pressure corer recovers a 1m long core under
in–situ pressure that can then be tested within a pressurised environment once at the surface
(Trehu et al., 2004). The system comprises of two specialised corers, the Fugro pressure corer
(FPC) and the HYACE rotary corer (HRC) which have the ability to deal with the potentially
varied lithologies of hydrate deposits. Once recovered, the cores can then be transferred to a
pressurised test chamber which contains a multi sensor core logger equipped to measure the
geotechnical properties of the hydrate core by using P–wave velocity, gamma ray attenuation
and X–ray imaging. Recent use of this pressurised core testing system has been successful in
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obtaining valuable information on hydrate bearing sediments (Tre´hu et al., 2006; Riedel et al.,
2006; Collett et al., 2008), and the ability to sample and test hydrate bearing sediments under
pressure is a significant step that has allowed further understanding of natural hydrate structure
and properties.
2.3.2 Seismic Surveying
The detection of methane hydrate using seismic surveying traditionally relied on the detection
of a bottom simulating reflector, or BSR. The BSR is an acoustic reflection that cuts across ge-
ological boundaries, mimicking the seafloor within the sediment column (Shipley et al., 1979;
Kvenvolden & McDonald, 1985; Miller et al., 1991; Hyndman & Spence, 1992; Singh et al.,
1993). The BSR was linked to hydrate presence due to its occurrence close to the sub–surface
depth predicted for the base of the gas hydrate stability zone. The BSR’s reversed polarity also
suggested it was caused by high velocity sediment (containing hydrate) overlying low velocity
sediments potentially containing free gas (Hyndman & Spence, 1992; Singh et al., 1993).
It has recently become evident however, that the BSR is not altogether reliable for predicting
hydrate presence. ODP leg 164 (Paull et al., 1996) drilled through various BSRs on Blake
Ridge, and failed to find hydrate at locations where a BSR was observed on the seismic sur-
vey. It has also been shown that hydrate can be present in areas without a BSR (Ashi et al.,
2002; Pecher & Holbrook, 2000; Ecker et al., 2000). It is now thought that the BSR may only
indicate the top of the occurrence of free gas, and not necessarily the base of the gas hydrate
stability zone (Chand & Minshull, 2003; Singh et al., 1993; Pecher et al., 1996). Even so, most
surveying of hydrate in the field still relies on the bottom simulating reflector to locate hydrate
bearing zones within ocean sediments.
Once the presence of hydrate has been identified, other methods such as vertical seismic pro-
filing and wireline logging can also be employed to help analyse and quantify hydrate in the
subsurface. Vertical seismic profiling refers to measurements taken from inside the wellbore,
and can be used to gain higher resolution data than surface seismics. The technique uses geo-
phones placed inside a wellbore and a source on the sea surface near the well itself. As well as
being used in conjunction with surface seismic data, it offers an opportunity to measure in–situ
velocities of hydrate bearing sediment at seismic frequencies (Holbrook et al., 1996).
Measurements made from inside drill holes are another way of detecting and analysing hydrate
bearing sediments. In the case of hydrate exploration, sonic and porosity logs are the most
useful (Goldberg et al., 2000). Sonic velocities are affected by the presence of free gas and
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Source Location Vp/ms−1
Singh et al. (1993) Offshore Vancouver Island 1600–1800
Holbrook et al. (1996)a Blake Ridge 1800
Ecker et al. (2000) Blake Ridge 1900
Tinivella & Accaino (2000) South Shetland Margin 2000–2300
Goldberg et al. (2000)b Hydrate Bearing Sediments 1700–3500
Guerin & Goldberg (2002) Mallik 2L-38 Research Well 2000–3500
Collett (1993)b North Slope of Alaska 2000–2800
Table 2.3: P–wave velocities from seismic surveys and well logging. aVelocity found though vertical
seismic profiling. bExpected response from logging measurements
hydrate, becoming lower and higher respectively if present in the sediment (Helgerud et al.,
2000). They can therefore be used to aid in seismic interpretation and even quantify hydrate
and gas concentrations. Attenuation characteristics of hydrate bearing sediments can also be
observed through sonic logging (Guerin & Goldberg, 2002). Porosity logs are useful in hydrate
detection as the physical properties of a sediment play a significant role in the distribution and
morphology of hydrate in the sediment column. Neutron porosity, density and resistivity logs
are often used in combination to get the best estimate of a sediment’s porosity. Recent gas
hydrate drilling expeditions have found that gas hydrate bearing sediments exhibit relatively
high electrical resistivities when compared with water saturated sediments (Collett et al., 2008).
It is possible that resistivity logs could be used in the future to quantify hydrate in a sediment.
A more detailed discussion of logging methods can be found in Goldberg et al. (2000) and
Goldberg (1997).
P–Wave Velocity Data from Seismic Surveys
Table 2.3 gives a summary of P–wave velocities obtained from well logging and seismic sur-
veys from several authors. The values seen in the table are taken from the region above the BSR
in each case. The range of values shown by some of the authors is indicative of the varying
hydrate content in the survey sites (Pecher & Holbrook, 2000).
The range of The P–wave velocities obtained in Table 2.3, as well as the unreliability of the
BSR, mean that the research community still does not have a grasp of the seismic signatures
expected from a hydrate deposit. Although hydrate can be readily identified from downhole
logging (Riedel et al., 2006; Collett et al., 2008), detecting and quantifying hydrate from the
sea surface is still an imprecise art. With the direction of hydrate research moving towards
exploitation, there is a clear need to fully understand the velocity profiles of hydrate bearing
sediments.
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2.4 The Effect of Hydrate on Sediments
Section 2.3.2 has highlighted the need to understand and identify the seismic signatures of
hydrate bearing sediments. This can only be done by gaining a thorough knowledge of how
hydrate affects a host sediment’s mechanical properties. Understanding can come from the
investigation of natural and synthesised hydrate bearing sediments in the laboratory, or by the
modelling of hydrate/sediment systems. This section will highlight the effects hydrate has on
sediment properties, before discussing the current methods used to investigate them.
2.4.1 Possible Effects of Hydrate Formation
Gas hydrate is a crystalline solid, and its growth in the sediment column will have an effect on
the host sediment that must be known if quantification of the hydrate resource is to be made.
Section 2.2 detailed the different morphologies of natural hydrate in the pore space, and each
morphology described, from macro– to micro–scale, will have a different effect on the host
sediment properties.
Micro–Morphology Effects
Section 2.2.2 described the variety of forms that hydrate can take at the grain level. These
morphologies will alter the properties of the host sediment by differing degrees. The different
possible hydrate morphologies and their influence is discussed in the following section.
Hydrate Acting as a Cement
Cementation is the creation of chemical bonds between sediment particles. It can give soils
a substantial increase in their unconfined compressive and shear strength that is mostly at-
tributed to cohesive strength at low strains (Coop & Atkinson, 1993). If hydrate were to act as
a cement in host sediments one would expect to see an increase in strength at low concentra-
tions, however, the full degree of cementation is unpredictable as different cement types give
rise to different bonding mechanisms, as detailed by Ismail et al. (2002). They investigated
the differences between calcite, gypsum and Portland cement as cementing agents, and found
that the different bonding mechanisms gave rise to differing engineering properties. Calcite
precipitated out in granular form as well as showing a coating behaviour, whereas the gyp-
sum cementing agent was observed to produce long crystals with a high aspect ratio that filled
the intergranular space with overlapping crystals. The materials bonded with calcite showed
a much higher shear strength than either the gypsum or Portland cement at comparable ce-
ment concentrations, with the gypsum cement giving the lowest shear strength overall. As the
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method of hydrate formation may influence the morphology of hydrate in the pore space (sec-
tion 2.2), it is possible that a number of bonding mechanisms could arise from crystallisation
of hydrate in sediments.
Hydrate as a Pore Filling Component
If hydrate was to form solely in the pore space, the change in unconfined compressive and shear
strength of the host sediment may not be as great as that of a cemented sediment. The inclusion
of hydrate would primarily affect change by altering the bulk modulus of the sediment (Lee
et al., 1996). In this situation there are two possible models for how the hydrate will contribute
to the sediment: either as a component of the sediment frame, or by forming solely in the
pore space (Helgerud et al., 1999; Dvorkin et al., 2000). If hydrate were to form purely in
suspension, the shear properties of the sediment would be unaffected, but the bulk values would
change due to hydrate replacing pore fluid (Lee et al., 1996; Helgerud et al., 1999; Dvorkin
et al., 2000). If the hydrate became a component of the sediment frame, the strength of the
sediment would be altered in that the solid phase would now consist of the original mineral
grains plus gas hydrate grains. If the strength of pure hydrate was less than that of the original
sediment grains, one might expect to see a decrease in strength of the overall sediment, due to
a weaker sediment frame of combined mineral and hydrate grains. This is unlikely to be the
case however, due to hydrate formation changing sediment porosity and having an overriding
affect on bulk modulus (Dvorkin et al., 2000).
The inclusion of hydrate into a sediment as either a cement or a pore filling component as
described above, will reduce the sediment’s porosity by filling the void space with a solid
material. The “grain–displacing” morphology described by Holland et al. (2008) may not have
the same affect, as the hydrate does not replace void space with a solid material, but pushes
grains aside.
Macro–Morphology Effects
The veined, nodular and massive morphologies described in Section 2.2.1, as well as the
“grain– displacing” morphologies of Collett et al. (2008) and Holland et al. (2008) may not
be expected to have the same effect on the seismic signatures of host sediments as the hy-
drate/grain interactions described above. There is little literature available on the effect of
veins and nodules of crystalline material on the seismic signatures of soft sediments, however,
analogies can potentially be made between fracturing and fissuring studies conducted in sedi-
mentary rocks. Experimental and modelling studies have shown that the inclusion of fractures
to sedimentary rocks decreases the seismic velocity of that rock (Leucci & Giorgi, 2006; Boadu,
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1997; Boadu & Long, 1996). Factors such as fracture density, length, aperture, frequency and
type of infilling material all contribute to the affect of fracturing on a rock (Boadu & Long,
1996), with the general trend that as the frequency and density of fractures increases, the shear
and compressional wave velocities of the rock decrease. Boadu (1997) notes however, that at
high fracture density, measured seismic velocities are dominated by fracture properties, and not
those of the host rock. With regard to hydrate bearing sediments, it may therefore be possible
that the presence of hydrate veins could reduce the seismic velocity of a host sediment, unless
the density of hydrate veins is very high. It must be noted however, that fracture modelling
in rocks assumes the infill of the fractures has a weaker mechanical properties than the host
rock (Leucci & Giorgi, 2006). This is likely to be the opposite for hydrate veins and nodules
in sediments, and so the effect of hydrate on host material seismic signatures may be converse
to those suggested by the fracturing literature.
Effects on Attenuation
In addition to the changes hydrate formation will cause to the stiffness of sediments, there
are also the changes it will cause to the attenuation of the seismic waves that pass through a
hydrate bearing zone. Predicting how gas hydrate will affect attenuation, can also be achieved
by considering the morphology of hydrate in the pore space.
It is generally thought that attenuation in marine sediments should decrease with decreasing
porosity (Hamilton, 1972). If hydrate is considered as a pore filling component, it could be
suggested that as hydrate content in the pore space increased, the porosity should decrease,
and so would the attenuation. This hypothesis has been tested by Gei & Carcione (2003), who
modelled gas hydrate bearing sediments containing a mixture of free gas, water and hydrate.
The work hypothesised that the inclusion of a material stiffer than water (hydrate) and then
grain cementation with increasing hydrate content, would make a porous material more cohe-
sive, and therefore reduce attenuation. The results from their models apparently validated this
theory. Further support for this hypothesis came from Pecher & Holbrook (2000), who stated
that the inclusion of hydrate within a sediment should decrease the attenuation, if the hydrate
acted as a cement.
However, there have been studies into the effects of silica diagenesis on attenuation that dis-
agree with the theories of Hamilton (1972) and Pecher & Holbrook (2000). Goldberg et al.
(1985) describe data from marine sediments that were drilled and cored from the Baltimore
Canyon trough. The sediments were observed to have an increasing degree of porcellanite
cementation with depth, that decreased the porosity as well as affecting the size and aspect
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ratio of the sediment pores. The compressional velocity of the sediments increased with depth
(and decreasing porosity), however the attenuation was also seen to increase. This increase in
attenuation as the porosity decreased lead to Goldberg et al. (1985) investigating the surface
area of the pores, and how diagenetic effects decrease the porosity yet increase the pore sur-
face area. It was concluded that the mechanism responsible for attenuation in the sediments
was stress relaxation, a mechanism analogous to the squirt flow mechanism of Mavko & Nur
(1979). ‘Squirt flow’ is a process where the passing of a seismic wave through porous media
induces pore pressure gradients across individual pores and grains. This causes the movement
of water and resultant viscous dissipation of energy (Mavko & Nur, 1979; Mavko et al., 1998).
As hydrates most often form in water saturated sediments, this mechanism could contribute to
attenuation in hydrate bearing zones.
2.4.2 The Study of Hydrates from Laboratory Tests
The previous section indicated the variety of effects different hydrate morphologies can have
on a host sediment. In order to determine and quantify these effects, laboratory experiments
can make and test gas hydrates in controlled environments. There are several methods of
synthesising and testing hydrate in the laboratory, which will first be described in detail before
being critically examined.
Apparatus
A range of methods can be used to measure the properties of hydrate and with and without
associated sediments. Non–contact, nondestructive methods are favoured, with Brillouin Spec-
troscopy and pulse transmission techniques dominating the field. Whiffen et al. (1982) and
Kiefte et al. (1985) utilised Brillouin spectroscopy to determine acoustic velocities in a number
of pure clathrate hydrates. Brillouin spectroscopy involves the scattering of light from hyper-
sonic (acoustic) waves which are thermally induced inside a material (Comins, 2001). Stoll &
Bryan (1979), Bathe et al. (1984), Berge et al. (1999), Waite et al. (2000) and Winters et al.
(2004) measured the properties of hydrate bearing sediments by pulse (wave) propagation, a
technique that can be used over a range of frequencies. The generated waves can be detected
either by two separate receivers or by detecting the reflection of the wave with a single re-
ceiver. Yun et al. (2005) used S-wave bender elements to measure the shear wave velocities in
THF hydrate bearing sands. Bender elements measure shear wave velocity by the detection of
induced voltage in piezo–ceramic elements (Atkinson, 2000).
Recent advances in gas hydrate research have come from the work of Priest (2004), who inves-
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tigated the properties of hydrate bearing sediments by making hydrate in a specially developed
resonant column device. The resonant column is a non-destructive geotechnical testing appara-
tus that allows for sediments to be tested at frequencies relevant to those in seismic surveying.
Shear wave and longitudinal wave velocities were obtained by exciting a column of sediment
in torsion and flexure to determine its resonant frequency (Novak & Kim, 1981; Cascante et al.,
1998).
Formation Techniques
The first attempts to synthesise gas hydrate in sediments were conducted by Evrenos in 1971
(Kaplan, 1974). Gas and water were alternately flowed through a sediment core at pressure
until it was plugged with hydrate. Although this method was basic and the experiments were
conducted with little intention other than to see if hydrate could form an impermeable plug, the
simulation of a free gas phase flowing through a saturated sediment in order to form hydrate
was novel. After the success of Evrenos’ experiments, Baker (1974), and Stoll et al. (1971;
1974; 1979) used the percolating free gas technique to measure the seismic velocities and
thermal conductivity of a sediment/hydrate mix. More recent applications of this method have
been by Brewer et al. (1997), who formed methane hydrate in sediment samples 910m deep
in the Monterey Bay submarine canyon, by bubbling free gas through a range of sediment
samples (previously mentioned in Section 2.2.3). The most recent use of the gas percolation
method was by Winters et al. (2004), who made methane hydrate in sand in their GHASTLI
(Gas Hydrate and Sediment Test Laboratory Instrument) system. 130mm by 70mm cylindrical
sand specimens were saturated with water before having a confining pressure applied. The
sediments were then slowly injected with methane gas until a predetermined amount of water
was pushed out. The temperature was then dropped to allow for hydrate growth. Berge et al.
(1999) also adopted a percolation procedure, but used the liquid R11 as the guest molecule, or
hydrate former. Berge et al. (1999) made hydrates in 1 litre volume sand specimens by taking
evacuated dry sand and flooding it with fresh water. R11 was then injected into the specimen to
replace some of the water, with the content of R11 in the specimen determined by the volume
of water displaced. The continued used of the gas percolation method is due to the belief that
it mimics the migration of free gas into water saturated deep sea sediments, as well as it being
a relatively easy method of hydrate synthesis.
Once it had been established that the growth of hydrate in sediments was achievable in the
laboratory, other formation methods were developed. The first of these methods involves the
formation of hydrate in partially saturated sediments and has been utilised by Stern et al. (2000),
Waite et al. (2004) and Priest (2004). A known amount of water, in the form of ice is mixed with
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a sediment (sand in each case) and a back pressure applied by methane gas. Hydrate content
is controlled by making water the limiting factor during hydrate formation. Stern et al. (2000)
achieved homogeneously saturated specimens by pre–mixing sand with seed ice, and forming
the specimens below 0◦C. Priest (2004) also mixed sand with seed ice to ensure homogeneously
distributed moisture, but allowed the ice to melt before specimen formation. Once formed,
Priest refroze each specimen so the moisture could not migrate during testing. Hydrate growth
was then induced by increasing the pressure followed by an increase in the temperature of
the specimen to just above freezing. Waite et al. (2004) simply mixed free water with sand
at room temperature, before increasing the pressure and dropping the temperature to induce
hydrate growth. In each case, a 140mm by 70mm cylindrical specimen was formed. This
method of hydrate synthesis is characterised by the continuous gas phase present during hydrate
formation, and so can be referred to as an “excess gas” method.
An alternative method of hydrate formation mimics the natural conditions where gas could
come out of solution to form hydrate in water saturated sediments. Buffett & Zatsepina (2000)
showed that they could make hydrate without a free gas phase by using carbon dioxide as the
guest molecule, as it can be formed out of solution. A fully water saturated sand was exposed
to carbon dioxide at room temperature and at a pressure of 2MPa to allow for saturation of the
water with the gas. The specimen was then allowed to mix through a diffusive process over a
period of 4 weeks, before the base of the container was cooled to just above the freezing point
of water (-1.5◦C in this case). Hydrate formation was observed by a change in resistivity and
temperature. Tohidi et al. (2001) also made hydrate from dissolved carbon dioxide, although
they used a micromodel of etched glass to observe the process, rather than sediment speci-
mens. Distilled water containing dissolved carbon dioxide was flowed into the micromodel at
6.2MPa. The temperature of the system was then reduced to 9◦C to induce hydrate growth.
Spangenberg & Kulenkampff (2005) succeeded in forming methane gas hydrate out of solu-
tion by flowing water containing dissolved methane into a “sediment” made from glass beads.
The low solubility of methane in water meant that the experiments took 55 days to complete,
but Spangenberg and Kulenkampff managed to achieve hydrate saturations of 95% of the pore
space over this time.
Tohidi et al. (2001) utilised another technique that allows for a continuous water phase to be
present during hydrate formation. A known quantity of gas is flowed into a glass micromodel,
and then water is slowly injected. The gas is allowed to remain in the pore spaces creating
small gas bubbles. They observed that hydrate initially grew at the gas–water interface, but
that redistribution occurred the longer the hydrate remained in the models. This method of
hydrate synthesis allows for homogeneous hydrate distribution in water saturated conditions,
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but from a free gas phase, and can therefore be described as an “excess water” method.
The final technique that has been developed involves forming hydrate from a soluble hydrate
former, tetrahydrofuran (THF). THF is a liquid at room temperature, and forms hydrate at
low temperatures at atmospheric pressure. Cameron et al. (1990) and Yun et al. (2005) have
formed THF hydrates in sediments by mixing finite quantities of THF with saturated sands.
Yun et al. (2005) made their specimens by creating a THF–water liquid, that was mixed with
a fine grained sand before specimen formation. Due to the nature of THF, they were able to
synthesise specimens that contained 100% hydrate in the pore space. Cameron et al. (1990)
made hydrates by first forming a cylindrical specimen of dry Ottawa sand, that was then flooded
with a THF/water solution. They then froze the specimen before removing it from the former
and testing it in equipment located in a cold room. This technique was only possible due to the
use of a hydrate former that is miscible with water (THF).
Critical Examination of Laboratory Testing
The stability conditions for gas hydrate make testing in the laboratory challenging. A consid-
eration to all wishing to form hydrate in the laboratory is to make sure results are applicable
to real world conditions. Therefore, one needs to be sure the morphologies of hydrate grown
in the laboratory are the same as those seen in nature. Researchers make choices with regard
to apparatus, hydrate former and formation technique in order to ease synthesis of hydrate in
the laboratory, which may have an affect on the way hydrate forms, or how the results are
interpreted.
Morphology Induced by Formation Methodology
Two main factors could have a significant affect on the way hydrate forms in a sediment when
considering formation methodology: saturation state and the hydrate former phase (either free
gas or dissolved gas).
Whether the host sediment is fully or partially water saturated prior to hydrate formation has
been found to have a major control on hydrate micro–morphology in the pore space. Results
from Waite et al. (2004) and Priest (2004), the two bodies of research that use partially saturated
conditions, are given in Table 2.4. Both sets of results show high seismic velocities for hydrate
bearing sands at both 20% and 40% hydrate contents, that have been attributed to a cementing
morphology. Hydrate in “excess gas” or partially saturated conditions forms where the water
resides. As this tends to be at grain contacts, hydrate acts as a bonding agent. There is some
concern as to whether this formation method is analgous to natural hydrate formation in the real
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world. Most natural hydrates are found in deep sea settings where sediments are water saturated
(Sloan, 1998; Kvenvolden et al., 1993). The methods where partially saturated specimens are
used (Priest, 2004; Waite et al., 2004) are therefore unlikely to provide results applicable to
marine hydrate deposits. Permafrost environments however, are a potential analogy to this
formation method, where hydrate is formed in sediments containing ice.
The laboratory tests that formed hydrate in water saturated conditions (Berge et al., 1999; Span-
genberg & Kulenkampff, 2005; Yun et al., 2005) are more likely to produce the morphologies of
hydrate seen in deep sea sediments. Analysis of the results from each test (Table 2.4), has lead
to the conclusion that hydrate initially takes on a pore filling morphology in these conditions.
Yun et al. (2005) concluded from their tests using THF as a soluble hydrate former, that hydrate
nucleated on the surface of sand grains and grew out into the pore space. They acknowledged
a critical volume (≈40% pore space) whereby the shear wave velocity of the sediment began
to increase from a base level of around 300ms−1, due to the hydrate beginning to interact with
the sediment grains. This change in properties at a critical hydrate content has also been doc-
umented by Berge et al. (1999) and Spangenberg & Kulenkampff (2005), at around the same
hydrate content as Yun et al. (2005). The consistency of these results would suggest the same
morphologies are being produced in each test, at least prior to the ‘critical hydrate content’.
After this point however, the results appear to diverge. Berge et al. (1999) state that hydrate
cements the grains together once the critical volume is exceeded, as at hydrate volumes of 52%
of the pore space they found a P–wave velocity of 3810ms−1. Spangenberg & Kulenkampff
(2005) show a sharp increase in P–wave velocity at around 40% hydrate, but followed by a
gradual increase in velocity with increasing hydrate content. Although they observed an end–
state of their tests, where glass beads were suspended in a matrix of hydrate, Spangenberg &
Kulenkampff (2005) were unable to make any conclusions as to how the hydrate was forming
in the pore space at lower hydrate contents.
Although the tests of Berge et al. (1999); Spangenberg & Kulenkampff (2005) and Yun et al.
(2005) appear comparable, it is still hard to draw reliable conclusions due to the differences
in hydrate former phase, guest species and host materials used. The influence of hydrate for-
mer phase on the morphology of hydrate has been investgated by Tohidi et al. (2001). They
compare hydrate formed from a soluble hydrate former (THF), dissolved gas (carbon dioxide)
and free gas (methane). It was shown that hydrate would form at the gas water interface in
the case of the free methane gas and water system, with hydrate taking a granular form as it
crystallised out. Hydrate formed from the dissolved carbon dioxide was ‘skeletal’, with the
hydrate taking on an almost dendritic morphology across the whole specimen (Tohidi et al.,
2001). The carbon dioxide hydrate made from the soluble phase showed a similar granular
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form to the methane hydrate. It is apparent from these observations that there is a difference
in crystal morphology with regard to the hydrate former, but as the tests conducted by Tohidi
et al. (2001) could not investigate the physical properties of the specimens, it is not clear what
affect these morphologies may have on the mechanical properties of hydrate. The tests of Yun
et al. (2005) and Spangenberg & Kulenkampff (2005) can be compared with regard to hydrate
former phase however, with Spangenberg & Kulenkampff (2005) using dissolved methane gas,
and Yun et al. (2005) forming hydrate from THF. The results given in Table 2.4 suggest that
the hydrate formed from the dissolved gas Spangenberg & Kulenkampff (2005) gives slightly
higher seismic velocity values than the soluble hydrate former (Yun et al., 2005). The results of
Berge et al. (1999) also come from a soluble hydrate former (R11), and when compared with
Spangenberg and Kulenkampff’s results also appear to be lower by approximately 300ms−1.
This hypothesis must be made with care however, as each experiment used different host ma-
terials.
Even though slight differences are observed between the results of Berge et al. (1999); Span-
genberg & Kulenkampff (2005) and Yun et al. (2005), they may not be important when consid-
ering the subject of morphology. As stated in the above discussion on water saturated tests, the
results do seem to agree on the change of state of the host materials, and therefore the likely
morphology of hydrate in the pore space regardless of the small scale differences in seismic
velocity values. The subject of hydrate former phase may be more important if it were to cause
larger changes in host sediment properties that lead researchers to draw the wrong conclusions
on morphology in the pore space.
Hydrate Former
It is still not clear what influence guest molecule, referred to here as hydrate former, has on
the morphology of hydrate and therefore how it affects a host sediment. Of the little work
that has been done comparing different hydrate formers, Durham et al. (2005) have found that
guest species significantly influences the physical properties and behaviour of hydrates. It was
concluded that methane gas hydrate behaviour in sediments could not be compared to that of
ice, or other hydrate formers such as THF (Durham et al., 2005). Information in Table 2.2
agrees with the determinations of Durham et al. in that it shows slight differences between
solid methane and propane hydrate properties. With this in mind the results presented by Yun
et al. (2005) (Table 2.4) should be observed with certain considerations. It is possible that the
use of THF as a hydrate former promotes lower seismic velocities than should be expected for
a methane gas hydrate bearing sand. Although Spangenberg & Kulenkampff (2005) do not
present shear wave velocity values, their P–wave velocity results do suggest that the seismic
velocities for methane hydrate grown out of solution are slightly higher than the equivalent
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Source Material Vp/ms−1 Vs/ms−1
Shaw (1986) Water Ice 3890 1900
Waite et al. (2000) Water Ice 3900 ±40 1970 ±20
Whiffen et al. (1982) Pure Methane Hydrate 3369 –
Waite et al. (2000) Pure Methane Hydrate 3650 ±50 1890 ±30
Bathe et al. (1984) Pure THF Structure II Hydrate 3513 1663
Stoll & Bryan (1979) Propane–Methane hydrate and Sand 1800–2260 –
Winters et al. (2004) ≈100%(?) Methane hydrate and sand 3950 –
Berge et al. (1999) 20% R11 Hydrate and sand 1700
c
–
40% R11 hydrate and sand 2500c 1500c
Waite et al. (2004) 20% Methane Hydrate and sand 3080 2120
b
40% Methane hydrate and sand 3360 2300b
Priest (2004) 20% Methane Hydrate and sand 2476
a 1423
40% Methane Hydrate and sand 2908a 1636
Spangenberg &
Kulenkampff (2005)
20% Methane hydrate and glass beads 2000c –
40% Methane hydrate and glass beads 2800c –
Yun et al. (2005) 40% THF hydrate and sand – 300
c
90% THF hydrate and sand – 1500c
Table 2.4: P–wave (Vp) and shear wave (Vs) velocities gained by various workers of hydrate synthe-
sized in the laboratory. aCalculated saturated Vp values.bValues calculated by Waite et al. (2004) using
standard rock physics relations.cApproximate values.
values found by Yun et al. (2005). This may be a slight red herring however, as Spangenberg &
Kulenkampff (2005) formed hydrate in glass beads and not natural sand. Bui (2009) has shown
that specimens formed from glass ballotini have a much higher seismic velocity than specimens
formed of sand of a similar grain size. By using glass beads, Spangenberg & Kulenkampff
(2005) may have produced results that are not comparable to those of Yun et al. (2005).
In addition to the work of Yun et al. (2005), Buffett & Zatsepina (2000), Tohidi et al. (2001) and
Berge et al. (1999) have each deviated from using methane as the guest molecule in hydrate
formation, with Buffett & Zatsepina (2000) and Tohidi et al. (2001) using CO2, and Berge
et al. (1999) using R11 to form hydrate. Although Buffett & Zatsepina (2000) and Tohidi et al.
(2001) do not present physical property measurements, the mechanisms of hydrate formation
they observe may not be comparable to those of methane hydrate. Details from Ismail et al.
(2002) show that different cement types have different morphologies in the pore space and so
it seems unwise to assume that all hydrate formers will take the same form in a host sediments
without testing this hypothesis.
Choice of Apparatus
The implications of apparatus choice are not as direct as those specifically affecting hydrate
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growth, but can still lead to a mis–understanding of hydrate morphology. It has been shown that
the velocity of water–saturated sediments is dependent on the frequency of measurement (Best
et al., 2001; Stoll, 2002; Lee & Collett, 2008). Lee & Collett (2008) have modelled the effect of
frequency change on partially saturated sediments and found that P–wave velocity can increase
by 500ms−1 between seismic frequencies (<500Hz) and those above 1kHz. Experimental
work by Best et al. (2001) and Stoll (2002) also show an increase in P–wave velocities for
unbonded sediments when testing over a range of frequencies from seismic to ultrasonic. Some
of the non–destructive methods for testing gas hydrate bearing sediments may therefore distort
the results from many synthetic hydrate bearing sediments and make them seem stiffer, or
weaker than they actually are. This effect could be evident when one compares the results
from Waite et al. (2004) and Priest (2004). The same formation technique was used in both
tests, along with comparable materials, however, Waite et al. (2004) obtained much higher
values than Priest (2004) for the same hydrate contents (Table 2.4). Priest used a resonant
column device to measure shear wave velocity, in which the frequency of excitation did not
exceed 600Hz. The P–wave transducers of Waite et al. (2004) used 1MHz sources, which
could increase the measured P–wave velocity of a sediment by 500ms−1 according to Lee &
Collett (2008). The use of high frequency sources could therefore lead to mis–interpretation of
hydrate morphology and how it is affecting the sediment, which will in turn lead to detecting
and quantification errors during seismic surveying.
It seems clear that in order to draw solid conclusions on the morphology of hydrate in the
pore space, a direct comparison must be made between laboratory synthesised hydrates formed
in consistent conditions. All the tests described above have differences in formation method,
guest molecule, and hydrate former phase that cast doubt on the ability to compare between
them reliably.
2.4.3 Modelling Gas Hydrate in Sediments
In addition to laboratory methods, modelling of the hydrate–sediment system has proved a
valuable tool in determining the effect hydrate has on the properties of sediments. Rock physics
modelling is based on the knowledge of the relationship between wave speeds and the elastic
moduli of a rock’s components. The variety of modelling techniques available each manage the
arrangement and interaction of these components differently, and so each have their benefits
and drawbacks in the application to hydrate research. Lee et al. (1996) was the first to model
gas hydrate in a sediment and utilised the weighted equation method which averages a sediment
as a solid phase plus a suspension phase. The differential effective medium (DEM) model also
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Figure 2.6: The two forms of hydrate as cement (a) Hydrate forms a cement at the grain contacts. (b)
Hydrate grows to envelop the grains. From Dvorkin et al. (2000)
uses a two phase system, and creates composites by incrementally adding inclusions of one
phase to another “matrix” phase (Zimmerman, 1991; Mavko et al., 1998). The DEM method
has been notably used by Jakobsen et al. (2000) to predict the seismic properties of clay rich
hydrate bearing sediments.
Further modelling methods utilise a three phase system, and are based on modelling the sed-
iment as a random packing of spherical grains (Mavko et al., 1998). The three phase system
considers hydrate as a component of the sediment either as a cementing agent, a pore filling
material, or a frame building material (Ecker et al., 2000). In a continuation of the hypotheses
described in Section 2.4.1, the three phase modelling methods are now briefly described.
Cementing Models
The work of Dvorkin et al. (1999a) describes the application of a model that explores the way
hydrate would affect a sediment if forming as a cement at grain contacts. The models are
based around the CCT (contact cement theory) of Dvorkin et al. (1994) which calculates the
shear and bulk moduli of a dense, random packing of spherical grains with a small amount
of elastic cement at contacts. The model depends on the original porosity of the sediment
(without gas hydrate), the hydrate content of the pore space, the elastic moduli of both the
hydrate and original mineral phase, and the average number of grain contacts per grain (called
the coordination number) of the grain pack. The model can also take into account the cement
distribution, allowing for the difference in cementing morphology for a cement that coats the
grains, or one that solely forms at grain contacts (Figure 2.6). The equations that are used in
this model are shown in Appendix A.
Pore Filling Models
The modelling of gas hydrate as a pore filling material is more straight forward than modelling
it as a cement. As mentioned previously in Section 2.4.1, hydrate forming in the pore space
would only alter the bulk modulus of the sediment, without affecting the interaction of the
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Figure 2.7: Two configurations of hydrate forming in the pore space (a) Hydrate forms in suspension
(b) Hydrate grows to become part of the sediment load bearing frame.
sediment grains. Standard models for the bulk moduli of saturated materials can therefore be
modified to include the hydrate as an additional component. Equations by Gassmann (1951)
derive the bulk modulus of a saturated sediment by using the bulk moduli of the sediment frame
and the sediment’s constituent parts, i.e. the mineral grains and the pore fluid. If hydrate were
to form in suspension in a saturated pore space (Figure 2.7a) it can then be assumed to alter only
the bulk moduli of the fluid. This altered value can then be used instead of the bulk modulus
of water for the pore fluid in Gassmann’s (1951) equation. The equations for this modelling
method can be found in Appendix A.
Frame Building Models
Hydrate can affect a sediment by growing in a way that the grains of hydrate become part of
the load bearing structure of the sediment (Figure 2.7b). If this was the case, the stiffness of
the sediment would be altered by the fact that instead of only grain–grain contacts, there would
also be grain–hydrate contacts. The adjustments to the stiffness of a material can be calculated
by determining the difference in properties of a hydrate grain compared with a grain of the host
sediment. The sediment can be considered as having a mixed mineralogy and the Equation
from Gassmann (1951) can once again be used to determine bulk modulus.
Figures 2.8 and 2.9 compare the results generated from the three phase models described above
for a range of hydrate contents from 0 to 45% of the pore space. As predicted, hydrate acting as
a cement produces high compressional and shear wave velocities at low hydrate concentrations.
The two cement configurations show that there is a smaller increase in seismic velocity when
the hydrate is evenly distributed over the grains, but that as the hydrate concentrations become
larger, this difference diminishes. The P– and shear wave results of the other two models also
illustrate the behaviour discussed in Section 2.4.1.
The modelling of gas hydrate in sediments has mostly been in order to quantify hydrate con-
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Figure 2.8: A comparison of P–wave velocities generated by different morphological models over a
range of hydrate saturations
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Figure 2.9: A comparison of shear wave velocities generated by different morphological models over a
range of hydrate saturations
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centrations (Lee et al., 1996; Yuan et al., 1999; Ecker et al., 2000; Jakobsen et al., 2000). The
first attempt to infer the morphology of hydrate in a sediment was by Ecker et al. (1998). They
compared the seismic data from a BSR on the Blake Ridge with the results from a three phase
model where hydrate was modelled using the above conditions as either a cementing or pore
filling component. They deduced that the morphology of the hydrate at their location was of
a pore filling type. Further analysis has then been made on the morphology of hydrates by
comparing laboratory and natural data with model results. Lee & Collett (2001) conclude that
hydrate must also be pore filling in the permafrost region of the MacKenzie Delta, as their
weighted equation models better predict this morphology for the well log and seismic data
observed. Seismic data from the Mackenzie Delta has also been analysed by Winters et al.
(2004), who came to the conclusion that hydrates were acting as part of the sediment frame.
This verdict has been mirrored by Chand et al. (2004) who modelled a number of different
seismic traces from clay rich sediments on the Blake Ridge and in the MacKenzie Delta, and
concluded that “hydrate forms a connected phase affecting the rock framework”. Although the
general consensus from the modelling literature is that hydrates do not form as a cement in
nature, there are some reports that suggest some cementation could occur. Yuan et al. (1999)
measured a seismic response in the Cascadia Margin that could only be reproduced in a model
that located hydrate as a cement at grain contacts. Guerin et al. (1999) have also reported a
cementing nature in hydrate bearing sediments of the Blake Ridge, however, their results are in
direct conflict with those of Helgerud (2001) who, when using the same modelling techniques,
on the same site came to the conclusion that the hydrate was frame building, not cementing.
2.4.4 Attenuation Measurements for Hydrate Bearing Sediments
The only experimental work to have measured attenuation of hydrate bearing sediments is that
of Priest et al. (2006). Results from tests on hydrate grown in partially saturated (“excess gas”)
sands showed that shear wave attenuation was at a high around 3% to 5% hydrate content,
where the quality factor Q, representing the ratio of stored energy to dissipated energy in a
system was found to be approximately 50, before increasing to a reletively constant value from
10% to 40% hydrate content (Q=125) indicating a lower attenuation. The low attenuation
with high hydrate content was attributed to the cementing morphology of the hydrate in the
specimens, coupled with the lack of free water. The attenuation peak observed between 3%
and 5% hydrate content was due to patchy and weak cementation across the specimen (Saxena
et al., 1988; Priest et al., 2006). The results were in agreement with the hypotheses of Pecher &
Holbrook (2000) that stated hydrate inclusion in a sediment should see a decrease in attenuation
if cementing occurred.
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Field measurement of attenuation in sediments containing gas hydrate is a relatively new en-
deavour. Guerin & Goldberg (2002) were the first to document a relationship between atten-
uation and hydrate content in the field, by measuring the attenuation of sonic waves in the
Mallik 2L-38 well in the Mackenzie Delta, Canada. They observed a P-wave velocity increase
in the sediment with increasing hydrate content, however the attenuation of the sediment also
increased as the proportion of hydrate in the pore space became larger. This pattern is not
in agreement with that expected if hydrate were to act as a pore filling component and re-
duce porosity (Hamilton, 1972). However, the data conforms with that of Goldberg et al.
(1985), who observed the same behaviour in sediments with varying degrees of silica diage-
nesis. Survey data from the Nankai Trough also shows the same relationship between sonic
attenuation and hydrate content (Matsushima, 2005). It was observed that both compressional
and shear wave attenuation increased with increasing hydrate content. Matsushima suggested
that attenuation change may become a more helpful tool than seismic velocity in detecting and
characterising hydrate bearing sediments.
2.5 Summary
From a review of the literature into gas hydrate research, it can be seen that the information
needed to accurately detect and quantify methane hydrate accumulations in the sub–surface is
not complete. The following lists the conclusions that can be drawn from the literature and the
direction future research must take.
• Gas hydrate is a solid material that takes on a variety of morphologies in the pore space
of a host sediment, controlled by tectonic setting, gas supply and host sediment type.
• Gas hydrate effects the mechanical properties of a sediment in different ways depending
on it’s morphology.
• Current methods of quantifying hydrate in natural sediments are seismic surveying,
drilling and sampling, of which seismic surveying is used initially to detect hydrate pres-
ence in the sub–surface.
• Seismic surveying still relies heavily on the location of a BSR to identify hydrate pres-
ence in marine and permafrost environments, even though this has been shown to be
unreliable as a detection method (Ashi et al., 2002; Paull et al., 1996).
• A wide range of shear and compressional wave velocities have been obtained for hydrate
bearing sediments by seismic surveying and logging techniques (Table 2.3). This dis-
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crepancy means that researchers still do not know what velocity profiles to expect from
a hydrate deposit.
• Laboratory testing can be undertaken in order to get a better understanding of hydrate
bearing sediments and their seismic signatures.
• Laboratory testing of natural methane hydrate samples has been limited due to the diffi-
culty of maintaining stability conditions during recovery and transference to apparatus.
Recent advances in pressure coring have allowed for intact hydrate samples to be recov-
ered, but a method for transferring them to equipment for in–depth geotechnical testing
does not currently exist.
• Synthetic hydrate growth in the laboratory utilises a number of methods, although anal-
ysis suggests application of any results to natural hydrate deposits must be used with
care:
– Many laboratory methods for testing sediment hosted gas hydrates, use high fre-
quency measurement techniques that do not lend themselves to satisfactory com-
parison with results from seismic surveying. The only current low frequency method
of testing hydrate bearing sediments is the resonant column technique of Priest
(2004).
– Some previous laboratory tests on gas hydrate have used a variety of hydrate form-
ers other than methane, to more easily form gas hydrate. As the influence of hydrate
former on hydrate mechanical properties is not fully understood, results from these
tests are ambiguous.
– Measurement techniques for laboratory synthesised hydrate require homogeneous
specimens for correct interpretation, however a number of previous experiments
have shown no control of hydrate distribution (Berge et al., 1999; Winters et al.,
2004).
– The saturation state of hydrate formation must be analogous to natural environ-
ments if results are to be applicable to seismic surveying.
• Analysis of synthetic hydrate formation and laboratory testing has suggested that for-
mation methodology in the laboratory has an affect on hydrate morphology in the pore
space.
• Due to the complexity of forming hydrate in the laboratory, little work had been con-
ducted on forming hydrate in sediments other than homogeneous sands.
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• Attenuation results from the field suggest that attenuation changes in hydrate bearing
sediments could provide a more reliable method for the detection and quantification of
sub–surface hydrate deposits (Guerin & Goldberg, 2002; Matsushima, 2005), but more
detailed investigation is necessary to support this hypothesis.
Chapter 3
TESTS ON SYNTHETIC HYDRATE
BEARING SEDIMENTS:
EXPERIMENTAL METHODS
3.1 Introduction
The literature reviewed in Chapter 2 highlights the difficulties in attempting to synthesise and
measure the properties of gas hydrate in the laboratory. Compromises, either in choice of
hydrate former or in formation technique, are necessary in most cases in order to form hydrate
under controlled conditions. It is also evident that little work has been done to investigate the
growth of hydrates in sediments with a variety of particle size and shape. This chapter describes
a series of tests that investigated the influence of formation method and sediment type on the
way hydrate impacts a sediment. The methods and equipment used in the testing also aimed
to resolve some of the issues described in the literature review with regard to homogeneity and
application to natural environments.
The chapter begins with an introduction to the Gas Hydrate Resonant Column, a device specif-
ically designed at the University of Southampton to synthesise and test gas hydrate. The res-
onant column test methodology is discussed, including the data reduction techniques used to
obtain the physical properties of the sediment.
The first series of tests will then be described, where a methodology was developed to make
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homogeneous methane gas hydrate in sands that were almost fully saturated. The second se-
quence of tests formed methane hydrate in sediments with a variety of particle shapes and
sizes. A description of these tests will then be followed by some typical observations seen in
specimen preparation, hydrate formation and resonant column testing.
3.2 The Gas Hydrate Resonant Column Apparatus
The apparatus used in this research was the Gas Hydrate Resonant Column (GHRC). It was
developed by Priest (2004) and GDS Instruments Ltd, as part of a collaborative grant funded
by the ‘HYDRATECH’ project. The original aim was to design an apparatus that allowed
formation and subsequent testing of methane gas hydrate bearing sediments at frequencies and
strain rates comparable to those frequently used in seismic surveys. A number of features were
added to a standard Stokoe resonant column to make it suitable for gas hydrate testing (Priest,
2004).These included a pressure cell rated to 25MPa, and an environment chamber capable of
temperatures between -20◦C and 50◦C, that allow for specimens inside the resonant column
to be taken into the methane hydrate stability field. Inlets were also included that allowed for
back pressure to be applied by using either gas or water pressure.
This section summarises the theory behind the resonant column device and the associated equa-
tions used in data reduction, as well as giving a brief description of the control mechanisms of
the gas hydrate resonant column.
3.2.1 Resonant Column Test Procedure
The resonant column device is a laboratory apparatus that measures the dynamic properties
of sediments at small strains (10−3 to 10−6). As the resonant test is nondestructive, the same
specimen can be tested over a range of confining pressures in one test sequence. The principle
of the resonant column test is to excite a cylindrical column of sediment at its first torsional or
first flexural mode and so determine shear modulus and vertical Young’s modulus respectively.
By monitoring the motion of one end of the column, the natural resonant frequency of the
specimen is measured. This can then be used to evaluate the shear wave velocity Vs through
the column of sediment (Bennell & Smith, 1991) from torsional excitation, or longitudinal
wave velocity Vlf from flexural excitation (Cascante et al., 1998). Attenuation measurements
(Q−1s and Q−1lf for torsion and flexure respectively) can also be made using the resonant column
device.
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Figure 3.1: Motion of the magnets in torsional and flexural excitation. From Cascante et al. (1998).
There are a number of different designs of the resonant column device. The GHRC is based
on a Stokoe resonant column that utilises fixed–free boundary conditions. In the fixed-free test
a cylindrical specimen is fixed at its base and excited via a drive mechanism attached to the
free end. The GHRC also makes use of modifications to the Stokoe resonant column adopted
by Cascante et al. (1998) for flexural excitation. In a standard resonant column, four pairs of
coils are connected in series to induce torsional excitation. For flexural movement, two coils
are used to produce a horizontal force on the specimen (Figure 3.1). This allows for the same
coil and magnet arrangement to be used for both excitation modes.
Stiffness Measurements
The reduction of data from the resonant column test to calculate wave velocity depends upon
the boundary conditions. The system is modelled as having a single degree of freedom, which
allows for ease in data reduction.
Stiffness Measurements from Torsional Vibration
By measuring the natural frequency in the resonant column, the velocity of the propagating
wave and the degree of damping of the system can be found. Shear wave velocity can then be
used along with the density of the specimen to determine the shear modulus.
The natural frequency of torsional vibration allows for shear wave velocity (Vs) to be calculated
from the relationship (Richart et al., 1970):
I
Io
= β tan β where β = ωnl
Vs
(3.1)
3: EXPERIMENTAL METHODS 43
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
194 196 198 200 202 204 206
Frequency (Hz)
O
u
tp
u
t 
fr
o
m
a
c
c
e
le
ro
m
e
te
r 
(m
V
)
wn
Peak amplitude
Figure 3.2: The frequency response curve for a specimen of Leighton Buzzard sand, showing the
resonant frequency when a peak amplitude is observed
Where ωn is the natural circular frequency vibration of the specimen; l is the length of speci-
men; Io is the mass polar moment of inertia of drive unit; and I is the mass polar moment of
inertia of specimen. Once Vs has been found, shear modulus G can be determined from:
G = V 2s ρ (3.2)
Where ρ is the density of the specimen. Equation 3.1 is the basic equation for the fixed-free
resonant column.
The natural frequency, ωn, is the only parameter in Equation 3.1 that is measured during a
resonant column test. From standard equations of forced harmonic vibration (Thomson, 1993),
it has been shown that the peak amplitude from an applied frequency of excitation approaches
the natural frequency of the system when damping approaches zero. It can be assumed, with
regard to resonant column testing of soils, that at low strains damping will be less than 10%
(Vucetic & Dobry, 1991). With this assumption, the natural frequency ωn can be determined
by conducting a frequency sweep, with the measured amplitude of vibration of the specimen
reaching a peak at the natural frequency (Figure 3.2).
3: EXPERIMENTAL METHODS 44
Stiffness Measurements from Flexural Vibration
In flexural excitation, the resonant column system is considered to be a flexing cantilever beam
with a lumped mass attached at the free end. In a single degree of freedom system, the natural
frequency of a cantilever beam ωf is represented by (Hulse & Cain, 2000):
ω2f =
3EIb
mL3
(3.3)
where Ib is the second area moment of inertia of the beam; m is the lumped mass; and L is
the length of the beam. Equation 3.3 represents a system where the beam has no mass, and a
lumped mass is attached to the beam at a single point. Figure 3.3 illustrates the idealised state
of the resonant column as a cantilever beam. From this figure, it can be seen that allowances
must be made for the mass of the specimen (representing the beam) and the distribution of the
mass of the top cap, drive mechanism and other additional masses. Rayleigh has shown this
can be done by using the “energy method”, which accounts for mass distribution by calculating
the equivalent acting mass, or effective mass of each mass component at a point on the end of
the cantilever beam (Thomson, 1993). Utilising this method, Cascante (1996) has shown that
the natural frequency of a specimen in flexure in a resonant column can be found from:
ωf
2 =
3EIb[
33
140
mT +
∑N
i=1mih(h0i, h1i)
]
L3
(3.4)
where
h(h0i, h1i) = 1 +
3(h1i + h0i)
2L
+
3
4
(h2
1i + h1ih0i + h
2
0i)
L2
(3.5)
where N additional masses have their masses mi evenly distributed between h0i and h1i (Fig-
ure 3.3); and mT is the mass of specimen.
Equations 3.4 and 3.5 allow the derivation of Young’s modulus from flexural excitation Eflex
by measuring the flexural resonant frequency and using the geometric properties of the spec-
imen and drive mechanism. In order to find the longitudinal wave velocity Vlf from Eflex, a
similar relationship between Vs and G as seen in Equation 3.2 can be used:
V 2lf =
Eflex
ρ
(3.6)
By assuming that the specimen being tested is made up of a single–phase isotropic medium,
the P-wave velocity Vp of the specimen can be found through the relationship (Cascante et al.,
1998):
Vp = Vlf
√
1− ν
(1 + ν)(1− 1ν) (3.7)
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Figure 3.3: A representation of the resonant column as a cantilever beam, where the specimen is ide-
alised as a beam with a lumped mass which consists of the top cap, drive mechanism and additional
mass.
Where ν is the Poisson’s ratio of the specimen, and is found by:
ν =
1
2
V 2s
V 2lf
− 1 (3.8)
Strain Measurements
Torsional Strain
The calculation of strain in the resonant column is based on the strain of a solid cylindrical bar
subject to pure torsion, which is (Hulse & Cain, 2000):
γc =
Rθ
L
(3.9)
Where R is the radius of the specimen; θ is the angle of rotation; and L is the length of the
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specimen. In order to consider the average strain across the cross section of a solid specimen,
the American Standards (ASTM) recommend taking 4/5R in place of R so that Equation 3.9
becomes:
γc =
0.8Rθ
L
(3.10)
In the GHRC, R and L are the geometric properties of the specimen, with the angle of rotation
calculated from the displacement derived from an accelerometer reading. The accelerometer
used in the GHRC produces a voltage V that is multiplied by a constant Z to give the acceler-
ation experienced by the specimen during resonance x¨:
x¨ = ZV (3.11)
For the GHRC accelerometer, Z is the value
√
2g2/5 (where g is the gravitational acceleration
at the earth’s surface). From simple harmonic motion, x¨ = ω2x where ω = 2pif . x can be
considered as θl, which allows for the angle of rotation to be found from:
θ =
ZV
(2pif)2l
(3.12)
where f is the frequency of excitation, and l is the distance of the accelerometer from the
central axis of the specimen (= 0.03625m in the GHRC). Substituting Equation 3.12 into
Equation 3.10, the torsional strain in the GHRC is:
γc =
√
2grV
15pif2Ll
(3.13)
or
γc =
1.56V d
f2L
(3.14)
Where d is the diameter of the specimen.
Flexural Strain Measurements
The strain in a cantilever beam can be calculated from the deflection of the beam away from
its neutral axis. The deflection of a beam is modelled as a circular arc, with the arc represented
by the neutral axis with a length Rθ, where θ and R are the angle and radius of curvature
respectively (Figure 3.4(a)). Basic strain in bending can therefore be described as:
ε =
D
R
(3.15)
Where D is the distance to a point on the beam perpendicular to the neutral axis. Considering
this relationship in terms of deflection can be done by visualising the deflection of the beam
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to have a slope dy/dx (Figure 3.4(b)). The rate of change of that slope is given as curvature
K = −d2y/dx2. K is related to Figure 3.4(a), in that K = 1/R, therefore the strain in a
cylindrical beam can be obtained from:
ε =
d2y
dx2
r (3.16)
Where r is a distance from the neutral plane in the y direction. Cascante (1996) has shown that
Equation 3.16 can be described in terms of the displacement of the cantilever beam y and the
elevation x by:
ε = 6α(L − x)r (3.17)
where
α =
yT
L2(2L+ 3(x− L)) (3.18)
In the GHRC, the total deflection yT is comprised of the deflection of the specimen y added
to the deflection of all the additional masses on the top of the specimen dy (Figure 3.5). The
accelerometer mounted on the top of the specimen records the total displacement yT , and from
Equation 3.12 is equal to:
yT =
0.141V
f2
(3.19)
The average strain in a cylindrical beam of radius R and length L, is obtained by summing all
the strains in the beam along it’s length and cross section (Priest, 2004). Therefore, Equation
3.17 becomes:
εavg =
4
pi
RLα (3.20)
and so the average strain in flexure of a specimen in the GHRC can be found from:
εavg =
0.18V R
f2L(2L+ 3(x− L)) (3.21)
where x is elevation from the base of the specimen.
Attenuation Measurements
In geophysical surveying, energy dissipation is represented by the quality factor Q, which is
defined as the ratio of stored energy to dissipated energy in a system. In geotechnical testing,
attenuation is normally termed damping, and given in terms of the damping ratio D. Q and D
are related to each other through:
1
Q
= 2D (3.22)
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Figure 3.4: (a)A representation of the bending of a segment of a beam with regard to the radius of
curvatureR and the angle of curvature θ of the neutral plane. (b) The slope of a deflected beam in terms
of dx and dy
Figure 3.5: Deflection of a cantilever beam y with the additional deflection of an idealised lump mass
dy situated at the end of the beam
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Two different methods can be used for determining the damping of the specimen in the GHRC.
The first uses the ‘half power method’, obtained from the curve generated from the frequency
sweep at constant amplitude (Figure 3.6). If a hypothetical system were subject to zero damp-
ing, all the energy of the system would be directed into the single frequency when resonance
occurred, creating an infinite peak of no width. In a damped system, some of this energy is
transferred to other frequencies near resonance, widening the observed peak. The ’half power
method’ is a measure of the width of the peak, and therefore the degree of damping. Two
points, f1 and f2 are identified on either side of the resonant frequency. These are referred to
as half power points, as they represent the frequency where half the power of the of the system
has been absorbed by damping. In a system undergoing harmonic motion, the power absorbed
by damping is proportional to the square of the maximum amplitude Xmax . Therefore the half
power points will be found at the amplitude Xmax/
√
2 (Meirovitch, 2001) (Figure 3.6). Once
f1 and f2 have been found, damping D is given by:
D =
f2 − f1
2ωn
(3.23)
D is a measure of the sharpness of resonance, and assumes the frequency response curve is
symmetrical about the resonant frequency. In the resonant column system this is normally true
at low strains. However, as strain increases, the curve becomes less symmetrical and introduces
errors in the measurement of D.
The second method for determining damping in the GHRC is free vibration decay (FVD). FVD
considers the relationship between successive peak amplitudes when the specimen is allowed to
decay freely from resonance in an underdamped system (Thomson, 1993; Richart et al., 1970).
To determine the damping of a system, the free vibration displacement amplitude history is
measured and recorded after a specimen has been excited at resonance. Figure 3.7 shows the
vibration decay history obtained from a specimen of Leighton Buzzard sand under 250kPa of
effective stress. Damping is calculated by finding the logarithmic decrement δ, which is the
natural logarithmic value of the ratio of two adjacent peak values of displacement (amplitudes
x1 and x2):
δ = ln
x1
x2
(3.24)
When considering the relationship between any two consecutive peaks x0 and xn, δ is written
as:
δn = ln
x0
xn
(3.25)
A rearrangement of Equation 3.25 shows that δ can be found by plotting the natural logarithm
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Figure 3.6: The frequency response curve for a specimen of Leighton Buzzard sand, showing the values
for f1 and f2 found from the half power method
of each peak amplitude against cycle number (Figure 3.8). It has be shown that δ is related to
damping ratio D by (Thomson, 1993):
δ =
2piD√
1−D2
(3.26)
and so D is established through a rearrangement of Equation 3.26:
D =
√
δ2
4pi2 + δ2
(3.27)
The value for D obtained by the half power and free vibration decay methods also includes an
element of damping from the apparatus. Equipment damping in a resonant column comes from
the natural damping of the drive mechanism as well as the damping induced by the movement
of the magnets inside the coils, termed back–EMF. Equipment damping has the potential to
mask the damping of the specimen, but the GHRC has the ability to have an ‘open circuit’ dur-
ing FVD, which means the measured value for damping from FVD does not include equipment
damping from back–EMF. The free vibration decay method is therefore more readily used in
the GHRC to determine damping.
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Although the relationships here have been with reference to torsional damping, the principles
described are the same for any vibrating system that is modelled as having a single degree of
freedom. The equations for FVD are therefore used when determining the damping in flexural
excitation also.
Assumptions in GHRC Data Reduction
The derivations of shear and longitudinal wave velocity from GHRC tests make a number of
assumptions. Primarily, the material is assumed to be isotropic and elastic. Natural sediments
are rarely isotropic, and will have a certain degree of anisotropy that is either due to the ap-
plication of anisotropic stress, or is an inherent characteristic of the sediment from the natural
alignment of particles during deposition (Powrie, 1997). However, measures can be taken in
the laboratory when testing specimens in the resonant column to reduce anisotropy. The GHRC
has the ability to apply isotropic load, so that stress induced anisotropy is low. Additionally, if
specimens consist of rotund materials (predominantly sands) this will reduce anisotropy caused
by grain alignment (care must be taken when testing specimens of a mixture of materials). By
taking these measures, it allows for the use of the resonant column to derive properties G and
Eflex, as the device can not measure the additional elastic constants that would be needed to
account for anisotropy in a specimen.
To interpret data from flexural excitation in the resonant column, more assumptions must be
made. The cantilever beam approximation for the specimen and drive mechanism assumes
that (a) the system has a consistent cross section along the entirety of it’s length and (b) the
specimens length is at least twice it’s width. The data reduction also requires that the specimen
is loaded in its plane of symmetry, and that the deformations it experiences are small. The
dimensions of the specimen in the GHRC, as well as the way flexural excitation is applied,
allow for these assumptions to be made in the GHRC tests.
3.2.2 Calibration of the GHRC
Torsion
Equation 3.1 used to reduce data from the GHRC requires the value Io, the mass polar moment
of inertia of the drive system, to be known. The complex shape of the drive mechanism means
that the experimental determination of Io is preferred over a geometrical calculation. In order
to determine Io experimentally, a bar of known stiffness can be used instead of the specimen
in the resonant column. The system is then idealised as a torsional mass spring system, where
the bar can be taken as a spring of stiffness k with a mass at the end represented by the drive
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Figure 3.7: Free vibration decay curve for a specimen of Leighton Buzzard sand under 250kPa effective
confining pressure
Figure 3.8: Plot of the natural log of the peaks from the free vibration decay trace seen in Figure 3.7.
The equation of the best fit straight line fitted to the plot is also displayed
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Bar number Frequency Vs(ms−1) % Error
Experimental Io
Bar 1 199.8 3072.7 -0.79
Bar 2 306.5 3056.5 -1.33
Bar 3 384.2 3064.1 -1.07
Bar 4 457.5 3116.5 0.63
Corrected Io
Bar 1 199.8 3096.1 -0.03
Bar 2 306.5 3086.2 -0.35
Bar 3 384.2 3104.7 0.25
Bar 4 457.5 3088.4 -0.28
Table 3.1: Experimental and corrected values for shear wave velocity Vs for each aluminium calibration
bar given with error for the true value of shear wave velocity for aluminium (3097ms−1)
mechanism. The natural frequency ωn can then be obtained from:
ωn =
√
k
Io
(3.28)
To derive Io in the GHRC, an aluminium calibration bar is placed in the resonant column
and it’s natural frequency determined via a resonant column test. This test is repeated in turn
by adding additional masses to the top of the calibration bar, and obtaining the new resonant
frequencies for each mass. The value for Io in Equation 3.28 can then be written to include the
mass polar moment of inertia of the added masses Iam, so that the equation contains Io+ Iam.
A rearrangement of the resultant equation gives:
Iam =
k
ω2n
+ Io (3.29)
Equation 3.29 takes the form of a standard linear equation. Plotted on a graph of 1/ω2n against
Iam, the value for Io is given at the y axis intercept. A total of four bars were used in the
GHRC, to represent the range of frequencies that may be expected when testing hydrate bearing
sediments. Figure 3.9 shows the results obtained from the four calibration bars used in the
GHRC. As mentioned previously, Io is a geometrical property of the drive mechanism, and so
should be a constant value. However, it can be seen in Figure 3.9 that as the natural frequency
of the bar increases from bar 1 to bar 4, the value for Io also increases. This characteristic
of the resonant column has been addressed (Clayton et al., 2008b) by correcting the value of
Io due to frequency (Figure 3.10). Table 3.1 shows the determination of Vs from the results
of the calibration tests compared with the actual value of Vs for aluminium (3097ms−1). It
can be seen that the error in the value of Vs from the experimental results is reduced when the
corrected value for Io is taken from Figure 3.10.
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Figure 3.9: Results from a torsional calibration test in the GHRC using four aluminium bars, where the
intercept of each straight line represents the value of Io for each bar.
Figure 3.10: The values of Io found from Figure 3.9 plotted for each calibration bar against resonant
frequency.
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Flexure
The determination of vertical Young’s Modulus in the GHRC requires the rearrangement of
Equation 3.4. The Equation allows for the effective mass of each component on the top of
the specimen to be represented in terms of it’s relative height and mass. Equation 3.5 can be
rewritten to allow for masses of complex geometry by using the centre of gravity yci and the
area moment of inertia Iyi of each component instead of h0i and h1i. Thus, Equation 3.5
becomes:
h(yci, Iyi) = 1 +
3yci
L
+
9
4L2
(
Iyi
mi
+ y2ci
)
(3.30)
To establish the equivalent height of the drive mechanism, values ofmi, yci and Iyi are required.
mi can be measured for the drive mechanism, and yci can be taken as the geometric centre. Iyi
is then found through a similar calibration procedure as for torsion.
The natural frequency of each bar is obtained with and without an additional mass. By using
Equation 3.5, the values for the height of the top bar, top cap and added masses can be found.
Equation 3.4 is then utilised to form two simultaneous equations for the bar with and without
the added mass, containing the measured resonant frequency values from each resonant test,
and those properties that are directly measurable. Solving these equations to find the height of
the drive mechanism, and then substituting into Equation 3.30 gives the value for Iy.
As with the calibration for Io, the experimental values for Iy from each bar are not consistent,
but unlike Io do not fall onto a single line. Thus, in order to obtain a value for Iy , Priest (2004)
suggests using a regression analysis that uses the known material properties of the calibration
bars and the measured frequencies to calculate Iy. As even this analysis shows some frequency
dependency to the values of Iy , the empirical solution shown in Figure 3.11 is used here to
determine Iy.
Determination of Equipment Damping
As mentioned previously, the damping values found from the ‘free vibration decay’ and ‘half
power’ methods (Section 3.2.1) contain an element of equipment damping. The half power
method incorporates damping from the drive mechanism and the retardant affect from back–
EMF. Damping found from the free vibration decay method does not include the affect of
back–EMF and so it is the method used in the GHRC. However, in order to obtain the true
damping in a specimen from FVD, a value for equipment damping must be obtained and then
deducted from measured damping values.
Equipment damping in the GHRC is calculated from the damping ratio obtained from the alu-
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Figure 3.11: Values of Iy found from regression analysis, plotted against resonant frequency for each
calibration bar.
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flexure. Correction curves are plotted for both sets of results.
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minium calibration bars. The material damping for aluminium is considered negligible (stan-
dard tables give Q = 350000 for aluminium), and so the damping observed in the calibration
tests is that of the equipment, in both torsional and flexural excitation. Figure 3.12 gives the
results for the damping ratios measured for the different calibration bars in both torsion and
flexure. It can be seen that equipment damping increases with frequency (Priest, 2004). To
account for this frequency dependancy a regression curve is fitted to the data (shown in Figure
3.12). The equation of this line can then be used to correct the measured system damping, so
that specimen damping can be calculated.
3.2.3 GHRC Operations and Controls
Magnet
Accelerometer
counterweight
Accelerometer
Drive plate
Coils
Perspex coil
housing
Figure 3.13: Plan view schematic of the GHRC drive mechanism
The resonant column device excites a specimen through an electromagnetic drive mechanism.
A voltage is applied to a set of four coils surrounding four magnets (Figure 3.13), which causes
the drive plate to vibrate at a defined frequency. The voltage supply to the coils is provided
through a control pad outside the GHRC. The coils are set to run in series for torsional exci-
tation. In the case of flexure, only two of the coils are used to provide a horizontal motion.
The control pad facilitates the switching of the coil voltages so that flexure can be applied.
The control pad is also designed to allow an open circuit to be created during FVD, which
removes the back–EMF effect (see Section 3.2.2). The GHRC test is operated through specific
software designed by Priest (2004) and written by GDS instruments. The program allows the
user to define the voltage and range of frequencies of excitation. During a test, the software
records data from the accelerometer mounted on the top of the drive plate, and provides a plot
of peak output with corresponding frequency of excitation, from which resonant frequency can
be determined (see Section 3.2.1).
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Figure 3.14: (a) Schematic showing the general layout of the resonant column control systems and
apparatus, including pressure and temperature control systems. Re-drawn from Clayton et al. (2005).
(b) Close up cross section of the gas hydrate resonant column.
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Environmental conditions in the GHRC are provided via a fluid filled cooling jacket surround-
ing the cell, and an air conditioning unit on the wall of the environment chamber (Figure 3.14).
The temperature of both systems can be controlled manually or via a computer software pro-
gram provided by GDS instruments. The GDS computer software also provides control of the
gas and water pressure systems in the GHRC. The gas pressure systems used in the GHRC
consist of proportional air valves (PAVs) connected to 25:1 ratio loaders. The cell pressure is
provided by nitrogen gas, with methane gas being used to provide back pressure. A motorised
valve and a flow control regulator allows for the controlled venting of cell pressure and back
pressure. Water back pressure is supplied by a digital pressure controller (DPC). Figure 3.14
shows the general layout of the GHRC, as well as a cross section of a specimen attached to the
drive system.
3.3 Tests to Examine the Impact of Hydrate Formation Technique
The Gas Hydrate Resonant Column is capable of forming hydrates under a variety of environ-
mental conditions. Priest (2004) has previously formed hydrates in the GHRC in un–saturated,
or gas rich sands. The method Priest (2004) used can be referred to as “excess gas”, as the hy-
drate was formed from a limited amount of water in a sand that was flooded with methane gas.
The set of experiments detailed in this section describe the development of a new technique
that allows for hydrate to be grown in water rich sands, referred to here as “excess water” tests.
The method would allow for hydrates to be grown from the gas phase in almost water saturated
conditions. By using the same grade of sand and similar hydrate contents as used in Priest’s
“excess gas” tests, comparisons between different formation techniques were made possible.
3.3.1 Material Properties
The material used in this series of tests was grade E Leighton Buzzard sand from the Lower
Greensand formation. Table 3.2 gives a summary of the properties, including the minimum
and maximum dry densities and void ratios for this particular material. In this thesis, grade E
Leighton Buzzard sand will be referred to as “LBE”.
3.3.2 Hydrate Formation Technique
There are three methods of hydrate formation in excess water conditions in the laboratory:
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Leighton Buzzard sand
Supplier David Ball Group plc
Description natural, clean, uncrushed,
silica sand, free from silt,
clay or organic matter
Geological
Formation
Lower Greensand group
Roundness Rounded-subrounded
Particle size Grade E (90− 150µm)
Specific
Gravity
2.65
Maximum
dry density
1624kg/m2
Minimum
dry density
1331kg/m2
Maximum
void ratio
0.993
Minimum
void ratio
0.633
Table 3.2: The properties of the sand used in the “excess water” tests (Priest, 2004)
1. A saturated specimen is injected with methane gas until a pre-determined amount of
water is forced out as a measure of hydrate content (Winters et al., 2004).
2. A dry specimen is filled with gas to a defined pressure. Water is then injected into
the specimen to drive the pore pressure up into the hydrate stability zone. As hydrate
forms and consumes the gas, water is further injected to maintain pore pressure and the
specimen will eventually contain only hydrate and water in the pore space (Tohidi et al.,
2001).
3. Hydrate is formed out of the dissolved gas phase (Spangenberg & Kulenkampff, 2005;
Tohidi et al., 2001).
Although methane hydrate has previously been synthesised using the first method (Winters
et al., 2004), there are drawbacks to this method, as discussed in Section 2.4.2. As such,
this method was not preferred for making hydrate in the GHRC. Making hydrate from the
dissolved gas phase also has limitations. Methane gas has low solubility in water, although this
solubility increases with increasing pressure and decreasing temperature (Chapoy et al., 2004).
The GHRC is rated to a cell pressure of 25MPa. Therefore at that pressure, approximately
0.064 moles of methane would dissolve into the pore water of a saturated specimen. This would
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Test Details Position Water Content (%)
A. Water injected through
base only. Low pressure.
Frozen
Top Dry
17.6
18.6
18.5
Bottom 19.6
B. Water injected through
base and top cap. High
Pressure. Not Frozen
Top 8.9
9.9
12.8
13.4
Bottom 11.8
Table 3.3: Water content analysis of three different tests where water was injected into sands containing
methane
equate to a maximum of 4% hydrate content in the pore space. Spangenberg & Kulenkampff
(2005) obtain high hydrate contents (up to almost 100% of the pore space filled with hydrate),
by continuously flowing methane saturated water through a specimen comprised of glass beads.
Hydrate distribution using this method is not well controlled, and so was not considered ideal
for use in the GHRC.
The second method was therefore instigated to form hydrate in excess water conditions. In
order to investigate whether a sufficiently high hydrate content could be achievable, whilst
obtaining a reasonably homogeneous distribution of water and gas, a number of tests were
conducted where dry, gas saturated sands were flooded with water under pressure. The first
test comprised of a dry sand that contained methane gas at 0.5MPa, with a 0.75MPa confining
pressure. Water was injected into the specimen through the base, raising the back pressure to
2MPa, so as to compress the gas into 25% of the pore space. Cell pressure was raised during
back pressure increase so as to maintain 250kPa confining pressure on the specimen. The
specimen was then frozen, depressurised, and divided into 5 equal sections for water content
analysis. This first test resulted in the top of the specimen being dry, but the remaining sand
having a relatively homogenous water distribution (Test A in Table 3.3). It was apparent that
some gas remained in the pore space at the base of the specimen, even though a proportion
was pushed to the top. A second test was then conducted, where a sand specimen was injected
with methane up to a back pressure of 3.4MPa, with a cell pressure of 3.66MPa. Water was
then injected up to 15MPa, but with the water being injected through the top and the base of
the specimen. Again cell pressure was increased to maintain a 250kPa effective stress on the
specimen at all times. This specimen was not frozen prior to depressurisation, due to the high
gas pressures, but drained through the base. When removed and sectioned for water content
analysis, no dry portions of sand were evident (Test B in Table 3.3). A 3% difference in
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Position EW–10 EW–20 EW–30 EW–40
Water
Content
%
Top 12.2 11.1 10.5 8.4
15.6 13.7 12.7 11.1
15.8 14.1 13.8 11.6
15.9 14.6 14.1 12.3
Bottom 15.6 14.4 13.1 11.6
Table 3.4: Water content analysis for excess water (EW) tests EW–10, –20, –30 and –40 after de-
pressurisation and dissociation. Specimens were not frozen prior to depressurisation, and were drained
through the base.
water content was measured from the top and bottom of the specimen. This difference may be
due to the specimen being drained through the base, such that additional water was removed.
As the error was small, it was considered that the water content distribution was sufficiently
homogenous.
Water content analysis for a number of excess water tests which contained hydrate were un-
dertaken after each test was completed and depressurized, with the results given in Table 3.4.
Each specimen was removed from the GHRC after testing was complete and sectioned into
five equal pieces. Consistent water distributions, that compare favourably with the results from
preliminary tests in Table 3.3, were observed in each test specimen. The higher water contents
near the base are considered to be an artifact of draining during depressurisation.
3.3.3 Calculating Hydrate Content
The water injection method of making methane hydrate requires the back pressure in the spec-
imen to be applied and maintained by water from a GDS Digital Pressure Controller (DPC).
Hydrate content in the specimen can be controlled by the quantity of gas in the pore space be-
fore water injection. Methane quantity can be established through pressure in the pore space.
The volume the gas can occupy is constant (void volume of the specimen), and so the number
of moles of CH4 needed for hydrate growth is controlled by the pressure of the gas. By as-
suming 100% cage occupancy, and the molar ratio of 5.75:1 water to methane, the number of
moles of gas needed for 1 mole of hydrate is 1. The number of moles of hydrate n needed for
a given hydrate content Hc (%) is:
VvHcρhy
100Mg
= n (3.31)
where Vv is the total volume of voids in the specimen; ρhy is the density of methane hydrate
(approximately 910g/l); and Mg is the molar mass of methane hydrate (119.63g/mol).
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Hydrate Moles of Moles of Starting Starting
Content CH4 before CH4 after pressure before pressure after
compensation compensation compensation (kPa) compensation (kPa)
2 0.0340 0.0953 366 1012
5 0.0851 0.1464 905 1535
10 0.1702 0.2315 1775 2381
15 0.2552 0.3165 2611 3194
20 0.3403 0.4016 3415 3976
30 0.5105 0.5718 4935 5455
40 0.6807 0.7419 6350 6833
Table 3.5: Hydrate contents and associated starting pressures for methane in a specimen of fixed void
volume, where hydrate would be formed at 15MPa and 2◦C.
As methane is a non-ideal gas, the gas pore pressure that must be applied to the specimen to
obtain the required moles in the pore space can be determined from the Peng–Robinson gas
equation (Peng & Robinson, 1976):
P =
(
RT
Vm − b
)
−
(
aα
V 2m + 2bVm − b2
)
(3.32)
Where T is temperature (◦K); Vm is defined by Vv/n where n is the number of moles; R is
the universal gas constant (0.082058latm/K/mol); P is the applied pressure (atm); and a, b
and α are Peng–Robinson coefficients relating to methane and are 2.4298, 0.0265, and 0.8201
respectively when T = 293K.
Although the solubility of methane in water is low, at 15MPa and 2◦C (which are the average
target temperature and pressure values for the GHRC hydrate tests respectively), there is a
degree of dissolution of methane gas in water. The number of moles of methane gas which
can go into solution can be calculated using the solubility mole fraction of 4.024 x 10−3 for
methane at 15MPa and 0◦C (Chapoy et al., 2004). Knowing the quantity of water within the
specimen and the system, a maximum value for methane dissolution can be calculated and
added to the original value calculated for each given hydrate concentration using Equation
3.31. Table 3.5 shows a range of hydrate contents with corresponding starting pore pressures,
before and after allowing for dissolution of methane gas.
Five hydrate contents were chosen for this testing sequence: 10%, 15%, 20%, 30% and 40%.
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3.3.4 Specimen Preparation
For each specimen tested, a sequence of steps were followed for specimen preparation, appa-
ratus setup and hydrate formation, of which are detailed below:
1. A thin film of silcone lubricant was applied to the base pedestal and a butyl membrane
placed on the pedestal and fitted with one O–ring.
2. A split sample mould to make a specimen of 140mm height and 70mm diameter was
placed around the membrane with the top of the membrane stretched over the top edge
to give a smooth tube in which the specimen to be formed.
3. All ports leading to the base pedestal were filled with de–aired water from the GDS DPC,
except for the CH4 inlet port and the vacuum port, so to reduce the quantity of free air in
the system.
4. The top of the base pedestal and attached membrane were then surface dried with paper
towel on the inside.
5. The sample mould was filled with pre-weighed dry sand in 15–18 equal layers, each
layer tamped with a flat rubber bung (approximately 2cm diameter). The sample former
was tapped 5 times after each sand layer to ensure a dense specimen. Care was taken to
catch any spilled sand.
6. The top cap was placed on the top of the sand and levelled. A thin film of silicon grease
was applied to the top cap and the membrane pulled up over the top cap. One O–ring
was placed around the membrane and the top cap to ensure an air-tight seal.
7. A vacuum of 50kPa was applied to the specimen through the vacuum port in the base
pedestal to allow for removal of the sample mould. Once a vacuum of 50kPa was applied,
the vacuum tap was closed off. The specimen was then left for 30 minutes to check if
there were any leaks between the membrane and the top cap or base pedestal or in the
membrane.
8. Any leftover sand was weighed to determine the mass of sand within the specimen
9. An additional O–ring was applied to the top cap and base pedestal as an extra precaution
due to the high pressures of the test.
10. The dimensions of the specimen were taken at equal intervals with vernier calipers. The
height of the specimen was measured to include the top cap and base pedestal.
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Once it had been insured that the specimen was secure and the dimensions recorded, the reso-
nant column drive mechanism could then be attached along with the required instruments.
3.3.5 Apparatus Setup
1. The drive mechanism was slowly lifted over the specimen and lowered on to the speci-
men so that the drive plate rested flat on the top cap. The drive mechanism was loosened
from the support plate to allow for alignment of the fixing holes in the top cap to match
up to the corresponding holes in the drive plate. Six M5 countersunk screws were used
to secure the top cap to the drive plate. The drive mechanism was then further aligned
so that the magnets on the drive arms were located in the centre of the coils. The drive
plate was secured with four M6 screws onto the support ring.
2. The base of the support frame was secured to the base of the cell with eight M5 screws.
3. To attach the top cap vent tubing, a continuous vacuum was applied to the specimen
so that the stopper at the top of the top cap could be removed and the specimen would
not collapse. The vent tubing was then swiftly fed through the top restraining plate
and attached to the top cap. The vacuum was once again locked off with −50kPa back
pressure applied.
4. The accelerometer cable was fed through the top restraining plate and attached to the
accelerometer fixed to the drive plate. Two thermistors were also fed into the cavity
between the support frame and the specimen, with care taken to locate one on either side
of the specimen. The top restraining plate was then secured by eight M4 screws.
5. An LVDT was connected to the top plate and adjusted so that predicted movement would
lie in range. The LVDT cable was then attached to the lead through the cell base, and
zeroed so it would record displacement from that point on. It was then secured with two
M3.5 screws.
6. Each of the four coils were attached to their corresponding lead through the base of the
pressure cell. All connections were double checked.
7. The cell top was lowered slowly by use of a motorised lifting mechanism. Once in place,
it was secured with two C–clamps and four M16 bolts.
Once the apparatus had been set up and the cell top lowered, a cell pressure of 250kPa was
gradually applied to the specimen, whilst the vacuum was released. The specimen was left
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for 30 minutes and then a resonant column test was conducted. The procedure that follows
was used for each hydrate specimen made, with the target pressures changing for each hydrate
content.
3.3.6 Hydrate Formation
Figure 3.15 shows the idealised thermobaric regime applied to the specimen. Also drawn is
phase boundary for methane gas hydrate.
1. The methane port was opened and the back pressure raised by the injection of methane
gas to a pre–determined pressure. During ramping of the back pressure, the cell pres-
sure was also increased, so as to maintain an effective stress of 250kPa ±50kPa on the
specimen. The pressure ramp rate averaged 500kPa per minute.
2. Once the required back pressure of methane was reached, the methane tap was closed
off. A resonant column test was conducted.
3. Distilled water was then injected into the specimen through the top cap and base pedestal
in equal proportions by use of the GDS DPC. The base pedestal pipework had been
arranged so that the water could be injected through the same port as the methane, to
ensure all gas was pushed into the specimen. During the subsequent increase in back
pressure, the cell pressure was also raised so as to maintain an effective stress of 250kPa
±50kPa on the specimen.
4. Water was injected until a back pressure of 15MPa was reached, with a corresponding
cell pressure of 15.25MPa. A resonant column test was carried out.
5. The specimen was then left at room temperature to allow for homogeneous water distri-
bution and for methane gas to dissolve in the water.
6. The temperature of the system was then lowered from room temperature to 2◦C to allow
for hydrate formation. The back pressure was maintained by the GDS DPC, with the
quantity of water going into the specimen monitored. The cell pressure was maintained
by the PAV.
Once the temperature and pressures for hydrate formation stated above had been reached, these
conditions were maintained for approximately 72 hours to allow for hydrate conversion. Reg-
ular resonant column tests were conducted to monitor the change in properties over the forma-
tion time (Section 3.6.1). Water input from the GDS DPC was also monitored closely (example
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Figure 3.15: Thermobaric route and basic procedure when making methane hydrate in excess water
conditions
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plots given in Section 3.6.1). Once the resonant frequency and damping had reached a stable
value, and there was no longer a water volume input into the specimens, the specimens were
considered to have converted all methane into hydrate and full testing of the specimen could
begin (Section 3.5).
3.4 Tests to Examine the Impact of Sediment Type
It is apparent from the literature that previous studies into the impact of hydrate on sediments
within the laboratory have focused on materials with a uniform particle size and shape. The
behaviour of granular soils is known to be influenced by characteristics of the soil such as
particle size distribution and particle shape (Bolton, 1986; Mitchell, 1976), and so the impact
of gas hydrate on sediment properties could also be altered by these basic characteristics. The
following section describes a series of tests where hydrate is formed in “excess gas” conditions
in a number of different sediments, so as to investigate the influence of sediment type on hydrate
formation.
3.4.1 Material Properties
The granular materials used in the different sediment tests were chosen so as to give a variety
of particle size and shape. The materials used were Leighton Buzzard sand grade B (LBB),
Leighton Buzzard sand grade E (LBE) and 100 mesh muscovite mica (M). The properties of
each material are given in Table 3.6. LBE is the same material used in the tests of Section 3.3.
Leighton Buzzard sand is a natural, uncrushed silica sand that is free from silt, clay or organic
matter (Figures 3.16(a) and 3.16(b)). LBB has a large grain size with the average particle
measuring 1mm in diameter. The LBE sand grains have an average diameter of 0.1mm, but
show a similar particle shape as LBB sand grains although they are more angular. The 0.1mm
muscovite mica provides a variety in particle shape as it is flat and plate–like (Figure 3.16(c)).
To investigate the effect of particle size on hydrate formation, two specimens were prepared
of only LBB sand and only LBE sand. LBB sand was then used as the main material in two
further specimens, which would allow for hydrate to be formed in sediments with a variety
of particle size and shape. The quantity of fines added to LBB needed to be high enough to
maximise the variety in particle size, without allowing the fines to dominate the behaviour of
the specimen. Investigations into the impact of fines on rotund materials (Clayton et al., 2004;
Thevanayagam, 1998; Georgiannou, 2006) have shown that 20% mica added to a rotund sand
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Leighton Buzzard sand Mica
Supplier David Ball Group plc Dean and Tranter Ltd.
Description natural, clean, uncrushed, silica sand, Dry ground muscovite
free from silt, clay or organic matter mica powder
Geological
Formation
Lower Greensand group Muscovite Mica
Roundnessa Rounded–
subrounded
Angular–subangular Flat, platy
Particle sizea Grade B (1.18–
0.6mm)
Grade E (90–50µm) 52-105µm
Specific
Gravitya
2.65 2.65 2.90
Maximum dry
densitya
1752kg/m3 1624kg/m3 912kg/m3
Minimum dry
densitya
1496kg/m3 1331kg/m3 728kg/m3
Table 3.6: The properties of the materials used in the different sediment tests. aTests conducted by
Theron (2004) and Priest (2004) according to BS1377:2 (1990)
can change the sand’s behaviour from dilative to contractive. Therefore, a proportion of 10%
by weight fines (LBE or Mica) were added to the LBB sand to make specimens LBB/LBE and
LBB/M. These mixtures were blended together prior to the addition of the water that would
control hydrate content in the specimens (Section 3.4.2).
3.4.2 Formation Technique and the Calculation of Hydrate Content
The formation method utilised in the different sediment tests is the “excess gas” methodology
that was followed by Priest et al. (2005) and Waite et al. (2004), where sediment of a known
water content is used to form a specimen, which is then flooded with methane gas (Section
2.4.2). This approach to hydrate formation allows for hydrate content to be controlled by water
volume.
So that sediment type effects on hydrate formation could be observed, each sediment type in
Section 3.4.1 was intended to have the same target hydrate content (quantity of hydrate in the
pore space). A hydrate content of 10% of the pore space was chosen for the different sediment
specimens. Previous experiments by Priest et al. (2005) on LBE sand, using varying quantities
of hydrate, had suggested that at hydrate contents greater than 5%, full bonding occurred.
Therefore, to ensure bonding, the target hydrate content of 10% of the pore volume was chosen
for the different sediment specimens. It was assumed that water volume in the pore space could
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Mass Mass Mass % fine Total Vol. Dry void Void ratio
Specimen LBB LBE M material Vol. voids density ratio main sand
(g) (g) (g) in LBB (cm3) (cm3) (kgm−3) fraction
LBB-0 940.9 – – 0 551 196 1706.2 0553 0.553
LBE-0 – 800.7 – n/a 517 203 1548.1 0.640 0.640
LBB/LBE-0 883.7 101.2 – 10.3 546 175 1804.3 0.469 0.637
LBB/M-0 870.7 – 98.3 10.1 541 174 1792.4 0.492 0.645
Table 3.7: Dry densities, void ratios and void volumes of dry specimens produced for the control
different sediment tests (0% hydrate)
(a) Leighton Buzzard sand grade B (LBB) (b) Leighton Buzzard sand grade E (LBE)
(c) 100 mesh muscovite mica
Figure 3.16: Scanning electron micrographs of the materials used in the different sediment tests. From
Clayton et al. (2008a)(Mica), Clayton et al. (2006) (LBB) and Cabalar (2007) (LBE)
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Dry Void Void Ratio Relative Density Water Hydrate
Specimen Density ratio main sand main sand fraction Content Content
(kgm−3) fraction (%) (%) (%)
LBB-10 1662.5 0.549 0.549 87 2.29 14.0
LBE-10 1505.5 0.768 0.768 62 2.49 12.4
LBB/LBE-10 1708.1 0.508 0.671 39 1.93 12.8
LBB/M-10 1676.0 0.560 0.718 20 2.33 17.1
Table 3.8: Basic properties of the specimens used in the different sediment hydrate tests
be taken as equivalent hydrate volume. Therefore, the required quantity of water needed for
each sediment type was calculated from the volumes of voids measured in the control tests
shown in Table 3.7. Resultant water contents of the specimens were between 2 and 2.5%
dependant on soil mixture (Table 3.8). Hydrate content Hc was then calculated from the initial
water content by:
Hc =
100mwMg
5.75VvMwρhy
(3.33)
or
Hc =
0.1269mw
Vv
(3.34)
where Vv is the total volume of voids in the specimen; mw is the mass of water in the specimen;
Mg is the molar mass of methane hydrate (119.63g/mol); Mw is the molar mass of water (ap-
proximately 18.02g/mol); and ρhy is the density of methane hydrate (approximately 910g/l).
It was found once hydrate content had been calculated in the different sediment specimens, that
a larger hydrate content was produced than anticipated. The range of hydrate content values
of 12.4% in specimen LBE-10 up to 17.1% in specimen LBB/LBE-10 are due to the original
calculation of water contents. Initial calculations over estimated the amount of water required
for 10% water volume in the pore space for each individual specimen, and did not take into ac-
count change void ratio with the addition of fines. The actual hydrate contents in each different
sediment specimen are given in Table 3.8.
3.4.3 Specimen Preparation
The specimens were prepared by taking the required mass of material that would make up
a 70mm by 140mm specimen, and mixing it with the calculated mass of water. The moist
material was then left in a sealed container for 12 hours at room temperature to allow the
moisture to distribute itself homogeneously within the material. The materials were taken from
where they were stored in the laboratory, with no initial oven drying before being used in the
tests. The residual water content of the air dry materials were found to be 0.2%, 0.1% and
0.02% for Mica, Leighton Buzzard grade E and Leighton Buzzard grade B respectively. These
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water contents were disregarded when calculating hydrate content.
For each sediment type tested, the sequence of steps for specimen preparation were as follows:
1. A thin film of silcone lubricant was applied to the base pedestal and a butyl membrane
placed on the pedestal and fitted with one O–ring.
2. A split sample mould to make a specimen of 140mm height and 70mm diameter was
placed around the membrane with the top of the membrane stretched over the top edge
to give a smooth tube in which the specimen to be formed.
3. The sample mould was then filled with the sediment/water mixture in 15–18 equal layers,
each layer tamped with a flat rubber bung. Care was taken to catch any spilled sediment.
4. The top cap was placed on the top of the sand and levelled. A thin film of silicon grease
was applied to the top cap and the membrane pulled up over the top cap. One O–ring
was placed around the membrane and the top cap to ensure an air-tight seal.
5. A vacuum of 50kPa was applied to the specimen through the vacuum port in the base
pedestal to allow for removal of the sample mould. Once a vacuum of 50kPa was applied,
the vacuum tap was closed off. The specimen was then left for 30 minutes to check if
there were any leaks between the membrane and the top cap or base pedestal or in the
membrane.
6. Any leftover sand was weighed before and after drying, to determine the proportion of
sediment and water not in the specimen.
7. An additional O–ring was applied to the top cap and base pedestal as an extra precaution
due to the high pressures of the test.
8. The dimensions of the specimen were taken at equal intervals with vernier calipers. The
height of the specimen was measured to include the top cap and base pedestal.
Once it had be ensured that the specimen did not have any leaks and the dimensions had been
recorded, the resonant column drive mechanism could then be fitted.
3.4.4 Apparatus Setup
The set up of the resonant column apparatus for these tests follows the steps from Section 3.3.5,
omitting step 3 as the top cap vent was not used here. After apparatus set up, a cell pressure
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of 250kPa was applied to the specimen, whilst releasing the vacuum. The specimen was then
left for 30 minutes at ambient temperature before a resonant column test was conducted. The
following hydrate formation procedure was then adopted for each sediment type.
3.4.5 Hydrate Formation
Figure 3.17 shows the idealised temperature and pressure regime applied to the specimen. The
hydrate stability field is also drawn on the figure.
1. The methane port was opened and the back pressure raised by the injection of gas to
10MPa. During ramping of the back pressure, the cell pressure was also increased, so
as to maintain an effective stress of 250kPa ±50kPa on the specimen. The pressure
ramp rate averaged 500kPa per minute. Once a the chosen pressure, the methane tap was
closed off and a resonant column test conducted. The cell pressure was set to maintain
10.25MPa of confining pressure.
2. The temperature of the system was then reduced to 2◦C to induce hydrate formation.
A flow of methane was continued into the specimen so that constant back pressure was
maintained as gas was consumed in hydrate formation. The cell pressure PAV maintained
the original target pressure throughout the temperature drop.
Once the temperature (2◦C) and pressures (10MPa) for hydrate formation had been reached,
these conditions were maintained for approximately 48 hours to allow for full hydrate conver-
sion (plots of temperature and pressure are given in Section 3.6.2). Regular resonant column
tests were conducted during this period to monitor the change in resonant frequency over the
formation time (Section 3.6.2). Once the resonant frequency had stabilised, all the water was
considered to have been converted into hydrate and full testing of the specimen could begin.
3.5 GHRC Testing Procedure
The testing programme used for both sets of specimens as described in Sections 3.3 and 3.4
allowed the dynamic response of the hydrate bearing specimens to be observed during loading
and unloading. A load–unload cycle was applied to the specimens with resonant column mea-
surements made at 250, 500, 750, 1000, 1500 and 2000kPa isotropic effective stress. Each load
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step was held for 30 minutes to allow for initial consolidation of the specimen before a reso-
nant column test was undertaken. Torsional and flexural resonant frequencies were measured
at each load–unload step, along with attenuation measurements. In order to allow for repetitive
testing, and to ensure that the seismic velocities obtained from these tests would be comparable
to geophysical survey data, the applied strain in both torsional and flexural excitation were kept
below 9 x 10−6 strain.
3.6 Typical Observations during Preparation and Hydrate
Formation
3.6.1 Tests Investigating Hydrate Formation Technique
Specimen preparation for the excess water tests was reasonably consistent for each specimen,
with very few problems arising when the system was secure and free from leaks. The highest
hydrate content test (EW-40), required a modification of the specimen preparation as the high
pressures required for the initial gas injection led to significant migration of methane through
the butyl membrane into the nitrogen cell pressure. To reduce the quantity of methane lost
through the membrane, two butyl membranes were placed around the specimen. In addition, as
soon as the specimen had been taken up to the target gas pressure, the temperature was dropped
immediately so that hydrate formation could start as quickly as possible and all the methane
gas would be converted into hydrate before it had a chance to escape. This technique did not
allow time for the water and methane to evenly distribute, however, water content analysis
after dissociation and depressurisation, suggest that there was still an acceptable distribution of
moisture within the specimen (Table 3.4 in Section 3.3.2).
Each of the excess water specimens were monitored whilst the system temperature was re-
duced into the hydrate stability zone. Figure 3.18 shows the measurements taken during the
temperature drop and subsequent hydrate formation for specimen EW-20. It can be seen that
the axial displacement recorded an expansion as the temperature was dropped, and that this
was independent of changes in effective stress. This behaviour was observed in each of the
excess water tests. The volume of water injected during the temperature drop and subsequent
hydrate formation was also monitored, and is shown in Figure 3.18(d). As gas was consumed
during hydrate formation, the pressure inside the specimen decreased, and so more water was
injected to maintain constant pore pressure. The water volume input seen in Figure 3.18(d) after
the temperature had stabilised at 4◦C, therefore marks hydrate formation within the specimen.
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Figure 3.18: A range of measurements taken during the drop in temperature and subsequent hydrate
formation for an excess water test after pressurisation to 15MPa. The results shown here are for speci-
men EW-20. (a) Temperature taken from outside the specimen. (b) Axial displacement of the specimen.
(c) Confining pressure minus back pressure, shown here as effective stress on the specimen. (d) Volume
of water injected into the specimen. (e) Damping ratio measured via FVD for the specimen inside the
GHRC. (f) Resonant frequency of the specimen recorded during the formation stage.
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This period could be identified in all the excess water tests.
Also plotted in Figure 3.18 are the measured changes in resonant frequency and damping ratio
observed throughout the temperature drop and hydrate formation stages. By considering Fig-
ures 3.18(d) and (e) with regard to the temperature drop, it can be seen that there is no change
in either damping or resonant frequency during the early temperature decrease. Once a tem-
perature of 5◦C was reached, the damping ratio began to increase. This increase in damping
ratio (seen at the approximate time of 23hrs) coincides with the increase in water volume input,
and so is considered to be caused by hydrate formation. As the threshold for hydrate stability
at 15MPa is 17◦C, there appears to be a lag for the start of hydrate formation and the entry of
the specimen into the stability zone. This behaviour was characteristic of all the excess water
specimens, and will be discussed further in Chapter 4.
3.6.2 Tests Investigating Different Sediment Types
The preparation of the different sediment tests was consistent across all specimens. Figure
3.19 gives the measurements taken during the temperature drop and hydrate formation of the
specimen LBB/LBE-10. The temperature drop for this specimen was conducted in two stages.
The specimen was first taken to 15◦C, just outside the stability field at 10MPa pressure, and
held for 12hrs. The temperature was then dropped into the hydrate stability field by setting
a target of 2◦C. The axial displacement and effective stress traces (Figures 3.19(b) and (c))
follow each other in the latter stages of the temperature drop and hydrate formation, however
the axial displacement shows an expansion as the temperature is lowered to 15◦C that appears
independent of effective stress. An axial displacement change with temperature drop can also
be observed in the other different sediment tests.
The onset of hydrate formation can be observed in the different sediment tests as an increase
in resonant frequency and damping (Figures 3.19(d) and (e)). The resonant frequency of the
LBB/LBE-10 specimen began to increase once the sample was at approximately 10◦C, just
inside the hydrate stability field at 10MPa. This increase was accompanied by an increase
in damping ratio for the specimen. Once full hydrate conversion occurred, the damping ratio
reduced to a value closer to the original seen at the start of testing.
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Figure 3.19: A range of measurements taken during the period of temperature drop and hydrate for-
mation for a different sediment test. The readings shown here are for specimen LBB/LBE-10. (a)
Temperature readings from the outside of the specimen. (b) Axial displacement of the specimen. (c)
Confining pressure minus back pressure, shown here as effective stress on the specimen. (d) Damping
ratio measured via FVD for the specimen inside the GHRC. (e) Resonant frequency of the specimen
recorded from the GHRC.
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3.7 Typical Observations During Resonant Column Testing
Figures 3.20 and 3.21 show the typical response curves seen when conducting resonant fre-
quency sweeps in torsion and flexure respectively. The resonant frequency can be identified as
the frequency where the highest voltage output from the accelerometer occurs. Once it was es-
tablished, a free vibration decay curve was conducted so that the damping of the system could
be determined (Figures 3.22 and 3.23). Strain was calculated from the peak voltage output at
resonance, using Equation 3.14.
Shear wave velocity Vs was calculated from the resonant frequency using Equation 3.1. Once
Vs is obtained, shear modulus G was determined using Equation 3.2. From the resonant fre-
quency in flexure, Young’s modulus in flexure Eflex was determined using Equations 3.5 and
3.6 using the geometrical properties of the system. From G and Eflex, other properties of the
specimens could be obtained, namely Poisson’s ratio ν, longitudinal wave velocity Vlf , P–wave
velocity Vp and bulk modulus K.
Damping ratio D was determined by finding the logarithmic decrement δ as described in Sec-
tion 3.2.1 from the free vibration decay responses measured. Once δ had been found, it could
be used to determine D and associated attenuation Q−1 by using Equations 3.26 and 3.22.
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Figure 3.20: Typical resonant frequency sweep for torsion on a dry dense specimen of LBE sand
containing no hydrate
Figure 3.21: Typical resonant frequency sweep for flexure on a dry dense specimen of LBE sand
containing no hydrate
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Figure 3.22: Typical free vibration decay trace for torsion of a dry dense specimen of LBE sand con-
taining no hydrate
Figure 3.23: Typical free vibration decay trace for flexure of a dry dense specimen of LBE sand con-
taining no hydrate
Chapter 4
TESTS ON SYNTHETIC HYDRATE
BEARING SEDIMENTS: DISCUSSION
A literature review has been conducted to develop an understanding of how methane gas hy-
drate may affect sediment. After undertaking the review, it became apparent that the current
knowledge of hydrate formation in different environments and sediment types, and what this
might mean to hydrate morphology, was lacking. In order to investigate the different environ-
ment implications further, a set of experiments were conducted using the GHRC that allowed
for hydrate to be formed in water saturated conditions. In addition, a set of experiments were
conducted to understand the impact of different sediment type on hydrate growth. This chapter
discusses the results from these tests, first addressing the impact of formation technique on how
hydrate affects a sediment, and a subsequent discussion on hydrate morphology in the labora-
tory. The chapter then finishes with a discussion of the results from tests conducted in different
sediment types.
4.1 Discussion of Hydrate Formation Technique Tests
Gas hydrates in sediments have been formed in the laboratory by other researchers such as Stoll
& Bryan (1979), Pearson et al. (1986), Berge et al. (1999), Winters et al. (2004), Waite et al.
(2004) and Yun (2005). A wide range of results have come from these tests (Table 2.4), which
could be due to the choice of apparatus used, the hydrate former, or the method of hydrate
formation (Section 2.4.2). The excess water tests described in this section were designed so
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that direct comparison could be made between hydrates formed by different methods in the
same apparatus.
This section presents and discusses the results from experiments that induce hydrate growth
in water saturated or “excess water” conditions. The work is directly compared with that of
Priest (2004), who formed hydrates in partially saturated or “excess gas” conditions (Section
2.4.2). Comparison will allow conclusions to be drawn about hydrate formation in the pore
space under different formation conditions. As the technique developed to make the hydrate
under excess water conditions was new, observations made in the preparation of specimens and
during hydrate formation are discussed first. The test results are then discussed with regard to
the changes observed in seismic velocity and attenuation caused by the methane hydrate.
4.1.1 Observations During Preparation and Hydrate Synthesis
The technique used to make water saturated hydrate bearing sands took the specimens into the
stability zone by increasing the pressure of the system to around 15MPa before dropping the
temperature to just above freezing (Section 3.3.6). By monitoring the gas and water intake into
the specimen, axial displacement and mechanical property changes, hydrate growth inside the
specimens could be identified.
Gas and Water Intake
Hydrate volume in the specimens was related to the gas injected into the specimen and the even-
tual final pressure. The intake of both the methane and water into the specimen was monitored,
and hydrate growth could be observed by the changes seen.
Gas Volumes
Gas input into the specimen was measured by gas pressure. For each specimen a different hy-
drate content was required, therefore a different quantity of methane gas in the pore space and
a different specific starting pressure was needed (Section 3.3.3, Table 3.5). To make hydrate
in “excess water” conditions, water was injected systematically through the top and bottom
caps up to a pressure of 15MPa for specimens EW-10, EW-15 and EW-20, and up to 20MPa
for specimens EW-30 and EW-40 after gas injection. In order to check that the expected gas
content remained in the specimen during water injection, the volume change of the gas with
pressure change could be observed by the GDS digital pressure controller by measuring water
input. If temperature remains constant, the change in methane gas volume as pressure in-
creases can be calculated. The measured volume change of methane gas inside each specimen
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Figure 4.1: Volume of water injected into each specimen, plotted against the change in pressure of the
system. The calculated values for methane gas volume change with pressure increase are also plotted.
during pressure increase is plotted in Figure 4.1. Also plotted in Figure 4.1 are the theoretical
curves for the change in volume of methane gas as pressure is increased for a range of starting
pressures (see Table 3.5 for reference to each specimen’s starting pressure). The curves were
calculated using the Peng–Robinson equation (Equation 3.32, Peng & Robinson (1976)). The
volume changes observed in the specimens follow the predicted curves sufficiently closely to
be sure that all the gas remained in the specimens as the water was injected.
Water Intake
Once a pressure of 15MPa was reached for specimens EW-10, EW-15 and EW-20, and 20MPa
for specimens EW-30 and EW-40, the water pressure was maintained throughout the subse-
quent temperature drop by the digital pressure controller (DPC). Once inside the methane hy-
drate stability zone, hydrate formation was induced causing a reduction in methane gas pore
pressure. Therefore, the DPC maintained the appropriate back pressure by injecting water into
the pore space. The water volume injection histories for specimens EW-10, EW-20 EW-30 and
EW-40 are shown in Figure 4.2 plotted against temperature. They show the initial water vol-
ume injected to bring the specimens up to the appropriate pressure, followed by the injection
history during temperature drop and subsequent hydrate formation. Figure 4.3 gives a closer
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Hydrate Expected Measured discrepancy % total
Content input (ml) input (ml) (ml) water volume
10 217.27 219.07 +1.80 0.83
15 216.70 217.51 +0.81 0.37
20 210.48 216.50 +6.02 2.86
30 206.33 209.39 +3.06 1.48
40 203.14 203.47 +0.33 0.16
Table 4.1: Expected and actual water volumes injected into each specimen
view of the hydrate formation phase. This phase can be identified as the increase in volume
injected after the highlighted temperature drop.
The injected water volume can also be used to quantify the hydrate content in the specimens. If
full conversion of methane gas to hydrate is assumed, the total expected water volume injected
into the specimen can be calculated by adding the percentage contained in the hydrate to the
remaining pore space volume that would be filled with water. Table 4.1 gives the water volume
values measured by the DPC, compared with water volume calculated from the expected hy-
drate content of each specimen. The discrepancies between the two values are between 0.1%
and 3% of the total water volume injected into the specimens. It is likely that a combination of
factors contribute to these errors in measured water input as discussed below.
The digital pressure controller (DPC) that was used to inject the specimens with water held a
fixed volume of water (200ml). As this volume was not enough to fully saturate a specimen
(each specimen had approximately 223ml void volume), the injection of water was undertaken
in two stages, with a refilling of the DPC at some point during the injection process. This meant
that the volume of water exposed to the methane gas under pressure was not consistent across
each test, and it is therefore likely that more methane went into solution than predicted by the
expected input values in Table 4.1. This increased dissolution of methane would suggest that
hydrate volume in the specimen may be lower than predicted, however this discrepancy has
been taken into account when stating hydrate contents in all the results shown in this thesis.
The predictions for hydrate content in all the excess water tests assumes full conversion of
methane gas into solid hydrate. As discussed later in this section, the indicators for full hydrate
conversion in each test were the cessation of changes in physical properties (see ‘Evolution
of stiffness and damping’ section below). It is possible that specimen EW-20 did not have
full hydrate conversion, even though indications suggested otherwise. This would mean less
hydrate volume was present in the pore space than expected, with more water needed to fully
saturate the specimen.
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Figure 4.2: The volume of water injected into each specimen against temperature
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Figure 4.3: Focused view of volume of water injected into each specimen over time, during temperature
drop and subsequent hydrate formation
4: DISCUSSION OF EXPERIMENTAL RESULTS 87
It is also possible that pipework in the GHRC was not fully water saturated before testing. The
pipes connecting the DPC and the GHRC have an approximate volume of 18ml. Although
care was taken at the start of every test to fill all pipework with water, pockets of air could still
remain. The extra volume injected into the excess water specimens may therefore be indicative
of incomplete saturation of the pipework prior to testing.
Axial Displacement Changes
During specimen preparation and hydrate formation, the changes in height of the specimen
were monitored by use of an LVDT mounted on the top support plate and resting on the top
cap of the specimen. From observations by Priest (2004) during the “excess gas” tests, it was
thought that the height change observed was due to hydrate growth in the pore space. It was
hypothesised that as hydrate grew at the contacts between sand grains, it jacked the grains
apart and so increased the height of the specimen. Due to the methods of hydrate formation
in those tests (formation of ice followed by hydrate formation by an increase in temperature),
the change in height of the specimen (axial displacement) caused by hydrate formation was
not directly observed. The route into the stability field used in the excess water tests (Figure
3.15) meant that the axial displacement changes caused by hydrate formation could be closely
monitored.
It was noted that in all the excess water tests, a degree of expansion could be seen during the
temperature drop into the hydrate stability field. The change in axial displacement seen in each
specimen is plotted against the change in temperature in Figure 4.4. The plot includes a water
saturated sand specimen containing 0% hydrate (EW-0). It can be seen from this figure that
there is a similar degree of axial expansion in all the specimens, including that with 0% hydrate
content. Of the hydrate tests, the largest expansion is seen from the EW-30 specimen, with the
next largest expansion in the EW-10 specimen. For each test, the effective confining pressure
fluctuated around 250kPa, with some anomolous readings possibly the result of a higher or
lower effective confining pressure than desired. For Priest’s (2004) ‘jacking apart of grains’
hypothesis to be true in these tests, it would be expected that some distinction could be made
between sands containing and lacking hydrate.
An investigation was made into the axial displacement changes that could be caused by the ap-
paratus during a drop in temperature. All materials expand and contract to some degree during
change in temperature. It was thought that the drop in temperature experienced during hydrate
formation could cause the apparatus to contract in such a way as to register as an expansion
of the specimen. To investigate this possible mechanism, the apparatus was divided into it’s
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Figure 4.4: Comparison of axial displacement against system temperature during the temperature drop
into the hydrate stability zone. A negative change in axial displacement corresponds to an increase in
height of the specimen.
Axial displacement (mm) change during
Specimen Start End temp. drop End hydrate form. hydrate formation (mm)
DFM-10 0.051 -0.169 -0.209 -0.04
DFM-15 0.103 -0.104 -0.129 -0.025
DFM-20 0.005 -0.227 -0.236 -0.009
DFM-30 0.280 0.024 -0.060 -0.084
DFM-40 0.023 -0.209 -0.249 -0.04
Table 4.2: Axial displacement values recorded for all DFM hydrate tests at key stages in each test
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separate parts, with each piece measured and the contraction due to temperature calculated
from standard temperature coefficients. The changes in length for each component were then
considered with regard to whether they would show as an increase or decrease in axial expan-
sion. It was found that when combined, the contraction of different parts of the apparatus over
a temperature drop of 25◦C was over 0.25mm. The change in height that would be recorded
by the LVDT due to apparatus contraction is displayed in Figure 4.4. The close correlation
with the apparatus expansion and the results recorded from the excess water tests suggests that
expansion of the specimens seen during the temperature drop is a result of the axial change in
apparatus components due to thermal contraction.
After the temperature drop, each specimen was held at the end condition for a time, to allow for
full hydrate formation. During this maturation period, the axial displacement of the specimens
was monitored, with the observations recorded in Table 4.2. The temperature and effective
confining pressure of each test was kept constant during the period of hydrate formation, with
each recording in Table 4.2 taken at 250kPa effective confining pressure. The data suggests that
the hydrate does not have a significant effect on the host sediment dimensions in the majority
of the tests. Specimen EW-30 shows over double the expansion of the other excess water tests,
however this is still below 0.1mm. If hydrate were to be seen to force sediment grains apart,
this might be noticed as an increase in expansion with hydrate content. The lack of increasing
expansion with hydrate content in the excess water tests suggests that hydrate does not form
in such a way as to force grains apart, or that the pressure exerted by hydrate formation is not
enough to overcome the effective confining pressure and cause the specimen to expand.
Evolution of Stiffness and Damping
Hydrate formation was originally assumed to cause a change in mechanical properties of the
sands being tested in the GHRC (from the previous work by Priest (2004)). The stiffness of the
sands was therefore expected to rise during hydrate formation, and could be used as a measure
of the total conversion of methane gas into methane hydrate. By considering Equations 3.1
and 3.2, an increase in resonant frequency corresponds to an increase in shear wave velocity,
and subsequently the stiffness of a specimen. Basic measurement of the resonant frequency
could therefore be used as an indication of changes in stiffness. After the first test of EW-
10 specimens, it became apparent that the hydrate did not have the same affect on the LBE
sand as in previous experiments (Priest, 2004). Figure 4.5 shows the values for the resonant
frequencies of each specimen as the temperature was dropped and hydrate formed in the pore
space. For the specimens EW-10, EW-15 and EW-20, no increase in resonant frequency was
observed during hydrate formation. It was not until the EW-30 and EW-40 specimens were
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Figure 4.5: Change in torsional resonant frequency with temperature, during temperature drop and
hydrate formation
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Figure 4.6: Change in torsional damping values with temperature, during temperature drop and hydrate
formation
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formed that the resonant frequency began to change as hydrate formed in the pore space.
Although the stiffness of the specimens was unaffected by hydrate formation at low hydrate
contents, the damping measurements showed significant change during formation. Figure 4.6
shows the damping (D) values for each specimen as the temperature was dropped and hydrate
formed in the pore space. Even at low hydrate contents, the damping showed an increase, that
could be attributed to hydrate formation in the pore space. Once it became apparent that a
change in damping in the specimen signified hydrate formation, the full conversion of methane
gas to hydrate could be taken as the point where the damping increase ceased.
4.1.2 The Effect of Hydrate Formation Technique on Stiffness
As one of the aims of this research was to provide information to aid in the detection and quan-
tification of hydrate in seismic surveys, the effect of hydrate on the stiffness of sand specimens
will be represented by looking at the seismic velocity changes in the sediment specimens. Fig-
ure 4.7 shows the shear wave velocity for “excess water” test specimens containing 0% hydrate
up to 40% hydrate in the pore space plotted against effective confining pressure. The pattern for
longitudinal wave velocity from flexure against effective confining pressure is given in Figure
4.8. The first thing to note from these plots is that no change in seismic velocity is seen until
30% of the pore space is filled with methane hydrate. If this behaviour is compared with Priest’s
“excess gas” test data, it can be seen that the two formation methods give different results when
compared with similar hydrate contents. Figure 4.9 plots shear wave velocity against hydrate
content for both the excess water and excess gas test methods. In Priest’s excess gas tests, the
shear wave velocity increases sharply with hydrate content to 5% content, and then continues
to increase at a lesser rate up to 40% hydrate content. However, in the excess water tests, no
change is observed until 30% of the pore space is filled with hydrate, when there is a slight
increase in seismic velocity of the specimen. Figure 4.9 would suggest that the morphology
of hydrate in the pore space is therefore different depending on the method of formation used.
In order to develop a hypothesis to explain these differences, the relationship between seismic
velocity and effective confining pressure is analysed.
Influence of Effective Confining Pressure on Specimen Properties
It has been reported (Cascante, 1996; Saxena et al., 1988; Hardin & Drnevich, 1972) that the
seismic velocity of a sediment is a function of isotropic effective stress. By looking at Figure
4.7, it can be seen that there is a significant increase in the shear wave velocity with increasing
applied effective confining pressure, for all excess water tests. The same relationship can be
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Figure 4.7: Shear wave velocity Vs against effective confining pressure σ′ for all excess water tests
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Figure 4.8: Longitudinal wave velocity from flexure Vlf against effective confining pressure σ′ for all
excess water tests
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Figure 4.9: Comparison of Shear wave velocity Vs with hydrate content for excess water and excess
gas tests
Figure 4.10: Shear wave velocity Vs against effective confining pressure σ’ for a selection of excess
gas tests. Data from Priest (2004)
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Figure 4.11: Shear wave velocity Vs plotted against effective confining pressure σ′ for 0% hydrate
specimen, showing power curve and equation with b exponent
observed in longitudinal wave velocity from flexure data in Figure 4.8. Conversely, in Priest’s
excess gas tests shown in Figure 4.10, the change in shear wave velocity with effective con-
fining pressure reduces as the hydrate content increases. This relationship between effective
confining pressure σ’ and shear wave velocity Vs can be considered by fitting a power law
relationship to the data (Figure 4.11) such as:
Vs = Aσ
′b (4.1)
Where A and b are constants. The same relationship can also be applied to longitudinal wave
velocity from flexure Vlf in place of Vs. Cascante (1996) has shown that this relationship
gives information on the degree of bonding in a sediment. Bonding reduces the compliance of
sediments to effective stress, with the b value moving toward zero as bonding increases. Figure
4.12 shows the b values for both excess water and excess gas tests plotted against hydrate
content. The plot shows that for both tests, the b value at 0% hydrate content is between 0.2
and 0.25, a value expected for a clean un-bonded sand (Cascante et al., 1998). In Priest’s
excess gas tests, the b value then drops to a value of around 0.025 for hydrate contents above
3%, whereas the excess water tests continue to show a high b value around 0.2.
The values for the power exponent, seen in Figure 4.12, show that when hydrate is formed in
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Figure 4.12: Comparison of b exponent for excess water and excess gas tests
excess gas conditions, small quantities of hydrate have a marked influence on the compliance
of the sands to effective stress. This would suggest that hydrate acts as a bonding material after
3% of the pore space is filled under these formation conditions. The opposite appears to be the
case for hydrate formed under excess water conditions. The b exponent for the excess water
tests remains between 0.2 and 0.25 for all hydrate contents, only dipping to 0.18 for the 30%
hydrate test. It is obvious that the same degree of bonding seen in Priest’s tests is not prevalent
in the tests conducted in this research.
Seismic Velocity and Void Ratio
The affect of void ratio e on the small strain shear modulus Gmax of unbonded granular ma-
terials has been investigated and modelled by numerous geotechnical researchers (Hardin &
Richart, 1963; Shibuya et al., 1997; Bui, 2009). Overall, sediments can be expected to gain
in stiffness (show an increase in Gmax) due to a reduction in void ratio (Hardin & Richart,
1963), although other aspects of the sediment such as grain size and shape must also be taken
into account (Shibuya et al., 1997). Figure 4.13 plots the void ratio of each excess water test
against Gmax (derived from Equation 3.2) before and after hydrate formation. Table 4.3 gives
the exact values for the void ratios that are plotted in Figure 4.13. Also plotted in Figure 4.13
is the universal void ratio function developed by Bui (2009), which plots the relationship be-
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Specimen Actual Hc e before e after Relative
(%) hydrate formation hydrate formation density (%)
EW–0 0 0.726 – 73.8
EW–10 8.0 0.662 0.579 91.7
EW–15 12.8 0.667 0.546 90.3
EW–20 18.5 0.668 0.506 90.0
EW–30 33.3 0.660 0.406 92.2
EW-40 38.8 0.657 0.365 92.9
Table 4.3: Exact hydrate content values for each excess water specimen, as well as the values for the
void ratio in each specimen before and after hydrate formation.
tween void ratio and normalised Gmax, allowing for particle characteristics by the inclusion
of the parameter Cp, called the particle characteristic coefficient. Generally, the value of Cp
can be seen to increase with increasing grain size, and decrease with increasing angularity. Bui
(2009) has found experimentally that LBE sand has a Cp of approximately 50–60, and LBB
sand has Cp of 80–85. Figure 4.13 shows that the increase in Gmax of specimens EW-30 and
EW-40 fits into the modelled values of Gmax for the corresponding reduction in void ratio of
the specimens, for a Cp of approximately 50. Specimens EW-10, EW-15 and EW-20 show no
increase in normalised Gmax (EW-20 even shows a slight decrease) even though the decrease
in void ratio by hydrate formation should correspond to an increase in Gmax by Bui’s universal
void ratio function (Bui, 2009).
In contrast to the excess water results, Figure 4.14 shows the results from Priest (2004) for
sands including hydrate, from 1% hydrate content to 40%. The results from Priest’s tests lie
well outside the universal void ratio function limits. This deviation from Bui’s (2009) universal
void ratio function further enhances the view that the excess gas formation method of Priest
causes bonding in the sediment.
Application of Resonant Column Results to Seismic Surveying
Seismic surveying is generally concerned with the interpretation of compressional wave veloc-
ities (Vp) in marine sediments. In order to make the results from a resonant column test useful
to the geophysical community, it is important to be able to generate Vp from resonant column
results. However, care must be taken during the interpretation of results from saturated sedi-
ments, due to the method of obtaining this sort of wave velocity. Longitudinal wave velocity
is derived from the resonant column through bending (Section 3.2.1). Bending produces an
unequal strain field across a cylindrical specimen, therefore on one side, the specimen is in
compression, and on the other extension. In porous materials, such as those used in the excess
water tests, water is free to move across the specimen to equilibrate the excess pore pressure
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caused during bending, however this means that the vertical Young’s modulus found through
flexural excitation is representative of the dry sediment only. As the movement of a com-
pressional wave through a specimen creates an even strain field in cross section, excess pore
pressure can not dissipate, and the stiffness of the water and the frame are measured. In order
to derive the saturated compressional wave velocity of the sediments in the resonant column
test, the stiffness of the water must be factored into the flexural results.
Compressional wave velocity Vp can be found using the shear modulus Gsat and bulk modulus
Ksat of the saturated sediment:
Vp =
√
(Ksat +
4
3
Gsat)
ρ
(4.2)
where ρ is density of the specimen. Gsat can be derived from the measured Vs via Equation 3.2,
as water is not a factor in shear deformation. Ksat in a saturated sediment however, depends
on the bulk modulus of the sediment frame and that of the fluid in the pore space. Gassmann
(1951) has shown that the bulk modulus of a saturated sediment can be found by using the bulk
moduli of the constituent parts:
Ksat = Kd +
(1− Kd
Km
)2
φ
Kf
+ 1−φ
Km
− Kd
K2m
(4.3)
Where Kf is the bulk modulus of the fluid; Km is the average bulk modulus of the sediment
grains; Kd is the bulk modulus of the dry frame; and φ is the porosity of the rock. This equation
allows the saturated bulk modulus of the sediment to be found from the experimental results
(that produce Kd), and the pore water component of Ksat that can be calculated from the
known bulk moduli of water (Kf = 2250MPa) and a calculated value for Km that accounts
for hydrate content giving the sediment a mixed mineralogy. Km is calculated using Hill’s
averaging formula (1952):
Km =
1
2

 N∑
i=1
ϕiKi +
(
N∑
i=1
ϕi
Ki
)−1 (4.4)
Where ϕi is the volumetric fraction of the i-th constituent, Ki is bulk modulus for each con-
stituent, and N is the number of mineral constituents. The bulk modulus of methane hydrate
was taken as 7.9GPa (Waite et al., 2000) with the bulk modulus of the quartz sand grains as
36.6GPa (Mavko et al., 1998).
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Figure 4.15: Calculated compressional wave velocity Vp against effective confining pressure σ’ for
excess water tests.
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Figure 4.16: Calculated compressional wave velocity Vp plotted against hydrate content for all excess
water tests. Shear wave velocity Vs and longitudinal wave velocity from flexure Vlf have also been
plotted for comparison.
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Figure 4.15 shows the computed Vp for all excess water tests. It shows the results for Vp to
have a better spread than the results for Vs and Vlf , with the change in hydrate content giving
an increase in P-wave velocity in all the excess water tests. This is in contrast to the measured
results, which only show hydrate affecting specimens EW-30 and EW-40 (Figure 4.16).
The consistent increase in Vp with hydrate content is likely to be due to the way Vp is calculated
using Gassmann’s (1951) equation. Equation 4.3 finds the bulk modulus of the fluid component
through porosity and the bulk moduli of the other sediment constituents. As the inclusion of
hydrate to a sediment decreases the porosity, this will cause an increase in Ksat even though
no increase is observed in the measured Kd from Vlf . Care must therefore be taken when
finding Vp by using Gassman’s equation in this case. The results in Figure 4.15 may very well
represent the modelled change in Vp with hydrate content and σ′, rather than the true values.
4.1.3 The Effect of Hydrate Formation Technique on Attenuation
The measurement of attenuation in gas hydrate bearing sediments has been limited, with only
a couple of researchers providing information on attenuation in naturally occurring gas hydrate
bearing sediments (Guerin & Goldberg, 2002; Matsushima, 2005)(Section 2.4.4). Attenua-
tion measurements were therefore taken throughout the testing so as to obtain the first set of
information on synthetic water saturated hydrate bearing sediments.
Figure 4.17 shows the pattern of attenuation in torsion Q−1s and flexure Q−1lf plotted against
hydrate content for the excess water tests. Attenuation values were obtained through the free
vibration decay method as described in Section 3.2.1, from which the equipment damping was
then deducted to give the intrinsic attenuation of the specimens. Values from both torsional
(Q−1s ) and flexural (Q−1lf ) excitation are plotted in Figure 4.17 and both show an increase in
attenuation with increasing hydrate content, although Q−1s shows a more consistent increase
than Q−1lf . The anomalously low flexural attenuation value for specimen EW-20 containing
18% hydrate content may be another indicator of incomplete hydrate formation in the speci-
men, as suggested previously in Section 4.1.1. Figure 4.18 gives the shear wave attenuation
plots against hydrate content for different values of effective confining pressure. The general
trend for increasing confining pressure is a decrease in attenuation seen in each specimen, how-
ever, this decrease is low enough to suggest that attenuation is constant throughout the effective
stress load–unload cycle.
When comparing these results with those from Priest’s (2004) excess gas tests, there is a no-
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Figure 4.17: Attenuation in torsional (Q−1s ) and flexural (Q−1lf ) excitation plotted against hydrate con-
tent for excess water tests
Figure 4.18: Shear wave attenuation (Q−1s ) plotted against hydrate content for varying degrees of ef-
fective confining pressure
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Figure 4.19: A comparison of attenuation in torsional (Q−1s ) and flexural (Q−1lf ) excitation plotted
against hydrate content for wet and dry tests
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ticeable difference. Figure 4.19 compares the shear wave attenuation (Q−1s ) and longitudinal
wave attenuation (Q−1lf ) from both the excess water and excess gas tests for all hydrate contents
tested. It can be seen that in Priest’s tests, attenuation is at a high between 3 and 5% hydrate
content. It then drops to a relatively constant value from 10 - 40% hydrate content. In the tests
conducted in excess water conditions however, attenuation increases with increasing hydrate
content.
As it has been established by Priest et al. (2005) that hydrate is acting as a cement in excess
gas conditions, the behaviour between 1% and 5% hydrate content in Figure 4.19 could be
unexpected. Increasing degrees of cementation should decrease attenuation by restricting grain
movement and decreasing viscous energy dissipation (Pecher & Holbrook, 2000). However,
Saxena et al. (1988) have recorded a similar attenuation pattern to Priest’s excess gas tests
when testing sands with various degrees of cementation by Portland cement. They record a
point between 5% and 8% cement saturatation where the damping is at a peak, before it drops
off as the sand becomes fully bonded. They hypothesise that the energy dispersion through
a weakly cemented sand will be higher than through a sand where the clean grains are in
contact. From 1% to 8% cement saturation, the sand is considered ‘weakly bonded’ and so
the damping increases. After 8% cement saturation, the sand is fully bonded and the damping
decreases. In the excess gas tests of Figure 4.19, the specimens may be ‘weakly bonded’ up
to 5% hydrate content, after which attenuation decreases to a constant value as the specimens
are fully bonded by hydrate. In addition to this hypothesis, Priest et al. (2006) concluded that
attenuation in hydrate bearing sands formed in gas saturated environments is caused by the
‘squirt flow’ mechanism.
The energy dispersal in sediments at low strain is primarily due to viscous dissipation and not
frictional losses (Winkler et al., 1979). In sediments that contain water, the dispersion of a
wave is controlled by the degree of saturation and the frequency. In partially saturated porous
materials the interaction of the water and gas phases plays an important role in energy dispersal,
whereas in water saturated media, local fluid flow of water in pores and cracks is the primary
contributor to damping (Jones, 1986; Murphy et al., 1986; Johnston et al., 1979; Cascante,
1996).
‘Squirt’ or ‘local flow’, is the mechanism by which the passing of a seismic wave through
porous media, induces pore pressure gradients across individual pores and grains. This causes
the movement of water and the resultant viscous dissipation of energy (Mavko & Nur, 1979;
Mavko et al., 1998). Priest et al. (2006) suggest that adsorbed water on the surface of the
LBE sand grains will move as seismic waves deform the grains at contacts. The decrease in
4: DISCUSSION OF EXPERIMENTAL RESULTS 104
attenuation as hydrate content increases is due to the bonding effect of the methane hydrate,
combined with reduced availability of water for squirt flow as it is all consumed during the
hydrate formation.
The increased attenuation with hydrate content seen in the excess water tests could also be an
unexpected behaviour. As hydrate is pore filling, and reduces the porosity of a sand, it has been
shown that this should cause a decrease in attenuation (Hamilton, 1972). However, Goldberg
et al. (1985) observed an increase in attenuation in sediments containing varying degrees of
silica diagenesis. As the silica decreased the porosity of the host sands, they expected the
attenuation to decrease also. The adverse results were explained by considering the changing
aspect ratio and surface area of the pores with relation to local fluid flow mechanisms. The
decreasing porosity led to an increase in pore surface area, that gave a greater availability of
pore surface area that increased viscous fluid losses during local flow movement. This process
could be the same in the excess water tests of this research. As hydrate grows in the pore space,
a larger surface area for squirt flow also develops.
Another damping mechanism to consider in water saturated hydrate bearing sands is the flow
of liquid inside the hydrate grains themselves. Methane hydrate is a porous material (Genov
et al., 2004), and the method for generating hydrate in the excess water tests promotes a porous
hydrate morphology. Tohidi et al. (2001) have shown that hydrate forms around gas bubbles
in water rich environments, with further hydrate growth resulting from gas inside the bubble
diffusing out through the porous hydrate structure. When a seismic wave passes through one of
the excess water test specimens, the hydrate grains may promote extra squirt flow through their
porous structure. The attenuation increases with increasing hydrate content, as more hydrate
generates internal squirt flow and increases energy dissipation.
Comparison of attenuation results with previous studies
As mentioned earlier in this section, measurements of attenuation in hydrate bearing sediments
are limited. However, the nature that has been recorded here has also been observed by Guerin
& Goldberg (2002) and Matsushima (2005). Both reports described increasing attenuation
with hydrate content during logging of natural hydrate bearing sediments. On the back of
these observations, Matsushima (2005) went on to suggest that attenuation may become a more
valuable tool for detecting and quantifying hydrate bearing sediments then seismic velocity, as
attenuation appears to be more sensitive to hydrate content variations.
It has become apparent from this research that hydrate has a very different effect on homo-
geneous sands when grown in different conditions. If the results of the velocity studies seen
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in Section 4.1.2 are considered alongside the attenuation results seen here, the suggestions of
Matsushima (2005) could be relevant. In oceanic environments, hydrates are mostly grown in
water saturated conditions. If the models of hydrate formation in these conditions as a non–
bonding material are to be taken, the hydrate will not effect the seismic velocity of the host
sediment until significant quantities are present in the pore space. Even once 40% of the pore
space is filled, there may only be an increase in seismic velocity of 100 - 150ms−1, as seen
in the results of Figure 4.7, with lower hydrate contents not being detected at all. Attenuation
results however, show an increase with increasing hydrate content even at lower hydrate vol-
umes. The sensitivity of attenuation changes to increases in hydrate content when the hydrate
does not appear to be affecting the stiffness of the sediment may allow the detection of hydrate
in situations where it would not have been detected by standard seismic velocity surveys.
4.2 Hydrate Morphology in Synthetic Hydrate Bearing Sediments
The aim of the testing sequence described above was to enable a direct comparison of hydrate
formation techniques by forming homogeneous methane hydrate in the same materials and
apparatus as Priest (2004), but in water saturated conditions. The comparison between Priest’s
“excess gas”, and this research’s “excess water” methodology, allows for investigation into
the morphology of methane hydrate in the pore space under different formation conditions.
The results displayed above have shown that hydrate affects sediment differently depending
on whether it was formed in gas rich (excess gas) conditions, or water rich (excess water)
conditions.
The hydrate bearing specimens formed by Priest (2004) show a behaviour that is attributed to
the bonding of the sediment. Analysis of effective stress dependency (b exponent), void ratio
change and attenuation pattern have all pointed towards the cementation of the sediment with
hydrate. Further comparison with cemented sand research (Saxena et al., 1988) led Priest et al.
(2005) to establish this nature for hydrates formed under excess gas conditions. The results
from the excess water tests in this research show a very different nature to excess gas results.
Analysis of the b exponent suggests that there is no bonding in the excess water hydrated
sands, even in specimens with high hydrate content (EW-30 and EW-40). Plots of void ratio
against normalised shear modulus, follow a pattern predicted by Bui’s universal void ratio
function (2009) suggesting the reduction in void ratio of granular materials corresponds to an
increase in shear modulus. Attenuation measurements from the excess water tests also suggest
a different nature to the excess gas, with wave attenuation showing an almost linear increase
with increasing hydrate content.
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Figure 4.20: Shear wave velocity results from the dry side hydrate tests of Priest (2004) and the wet
side results of this research, compared with hydrate morphology models (Chapter 2, section 2.4.3).
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4.2.1 Hydrate Morphology Models
It seems clear that hydrate formed in the excess water tests does not cement the sediment. In
order to help understand the grain scale interaction of hydrate and sediment, results can be
plotted alongside the models from Section 2.4.3.
Figure 4.20 gives the shear wave velocity results from the excess gas tests of Priest (2004) and
the excess water tests of this research along with the models described in Section 2.4.3. The
cementing models in Figure 4.20 are those of Dvorkin et al. (2000), which describe the change
in shear wave velocity when two different configurations of cement are considered for hydrate
on grain surfaces (see Appendix A). The frame building and pore filling models in Figure
4.20 use equations that derive the shear modulus of the dry sediment frame from the modified
Hashin–Shtrikman bounds (Dvorkin & Nur, 1996), and then take into account hydrate presence
via the change in porosity (Appendix A).
Figure 4.20 shows that the increase in shear wave velocity seen in the excess water tests is
similar to that predicted by the frame building model, where hydrate is modelled as changing
the porosity of the sediment along with altering the shear modulus of the sediment frame.
The cementing models of Dvorkin et al. (2000), predict higher shear wave velocities than are
observed in the excess gas tests. Qualitatively, the increase from the experimental results sug-
gest cementing behaviour, however at no point do the specimens reach the predicted stiffnesses
of the Dvorkin et al. (2000) models. It would appear that methane hydrate does not conform to
the cementing mechanisms that the Dvorkin et al. (2000) models are based on. Further under-
standing of the cementing behaviour of hydrate is therefore needed to fit models to the excess
gas test data.
The differences in excess water and excess gas morphologies can be explained if the hydrate
methodology is considered.
In “excess gas” tests, or conditions where the environment is gas saturated, the hydrate will
grow where the water resides, at the gas/water interface. In partially saturated sands, water
tends to collect at grain contacts and coat individual sand grains. When hydrate is grown
in these conditions, it is therefore forced to grow on grain surfaces and at contacts (Figure
4.21(a)). In “excess water”, or water rich conditions, the morphology of hydrate changes, due
to the difference in gas/water interface. In this environment before hydrate formation, there are
gas bubbles suspended in water filled pores. As the specimen is taken into the hydrate stability
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(a) Location of hydrate in the pore space in partially saturated (excess
gas) conditions. The hydrate forms where water resides on grain surfaces
and at contacts
(b) Location of hydrate in the pore space in water saturated (excess wa-
ter) conditions. The hydrate forms around gas bubbles
Figure 4.21: Locations of hydrate in the pore space under different formation conditions
field hydrate will form around gas bubbles at the gas/water interface (Tohidi et al., 2001; Sloan,
1998). Although there are two possible configurations for hydrate morphology in this situation
(frame building and pore filling), it seems, from comparison with modelling results, that hy-
drate forms in such a way as to cause a reduction in void ratio and contribute to the sediment
frame. This points towards hydrate formation near grain contacts (Figure 4.21(b)), rather than
isolated gas hydrate forming in the pore space. The lack of shear wave velocity increase from
0% to 20% hydrate content however, does not fit with a purely frame building model. Yun et al.
(2005) suggest a modified growth pattern for hydrate, which is a combination of the pore filling
and frame building end members and can explain this deviation from the purely frame building
model above. They consider that hydrate grows on the surface of grains, but grows outwards
into the pore having little affect on sediment properties due to no bridging of the sediment
grains by hydrate. Once sufficient hydrate content is reached so as to provide grain/hydrate
interaction, the properties of the sediment sharply increase (Yun et al., 2005). It is possible that
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aspects of this model are prevalent in the excess water tests of this research. Up to 20% hydrate,
the excess water specimens do not show a change in seismic velocity as the hydrate is growing
into the pore space. Once 30% hydrate content is reached however, the hydrate interacts with
the sediment grains and affects the shear wave velocity. The results in Figure 4.13 giving the
change in void ratio of the excess water specimens with normalised shear modulus, agree with
this hypothesis. The reduction in void ratio by the presence of hydrate in each specimen, should
have corresponded to an increase in normalised shear modulus with increasing hydrate content.
Specimens EW–10, EW–15 and EW–20 deviated from this predicted increase curve, in that as
the void ratio decreased, there was no corresponding increase in normalised Gmax. This would
suggest that the hydrate did not interact with the sediment frame in these specimens. Once
30% and 40% hydrate contents were reached in specimens EW–30 and EW–40, the values for
normalised Gmax plotted on the predicted curve for the observed change in void ratio in the
specimen, indicating the hydrate was now a frame building componant of the sand.
The nature of formation in the excess water tests may account for the increase in shear wave
velocity seen in these tests being at a lower hydrate content than that seen by Yun et al. (2005).
Yun et al. formed hydrate out of solution, whereas a gas phase is present in the excess water
tests. The ability of the gas bubbles to move around in the pore space, may mean that they
are more likely to be situated near grain contacts before hydrate formation, than if hydrate
were simply forming out of solution and could nucleate anywhere on the grain. Care must be
taken when making such comparisions however, due to Yun et al. (2005) utilising THF to make
hydrate rather than methane.
4.2.2 Comparison of Results with Previous work on Morphology
In addition to the work of Yun et al. (2005), other work on the morphology of hydrate and
the effects it has on host sediment properties appears to corroborate with the results seen in
the excess water and excess gas GHRC hydrate tests. Of the research on forming synthetic
hydrates, only Waite et al. (2004) shows hydrate forming in gas rich conditions. They showed
that hydrate acted as a cement in a similar fashion to the excess gas tests of Priest (2004),
however their tests resulted in much higher values for compressional and shear wave velocities
at comparable hydrate contents than the results of Priest (2004) (Table 4.4). This could be
due to the high frequency (1MHz) P–wave transducers used by Waite et al. (2004) to measure
compressional wave velocity, or that they allowed their hydrate specimens to mature for over
220 hours, compared to Priest’s 48 hours (discussed further in Section 2.4.1). Regardless of
this difference, the large seismic velocities of Waite et al’s (2004) results add to the evidence
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Source Material Vp/ms−1 Vs/ms−1
Excess water tests,
this research
10% hydrate and sand 1701a 310
15% hydrate and sand 1726a 313
20% hydrate and sand 1745a 287
30% hydrate and sand 1881a 392
40% hydrate and sand 1916a 424
Stoll & Bryan (1979) Propane–Methane hydrate and Sand 1800–2260 –
Winters et al. (2004) ≈100%(?) Methane hydrate and sand 3950 –
Berge et al. (1999) 20% R11 Hydrate and sand 1700
c
–
40% R11 hydrate and sand 2500c 1500c
Waite et al. (2004) 20% Methane Hydrate and sand 3080 2120
b
40% Methane hydrate and sand 3360 2300b
Priest (2004) 20% Methane Hydrate and sand 2476
a 1423
40% Methane Hydrate and sand 2908a 1636
Spangenberg &
Kulenkampff (2005)
20% Methane hydrate and glass beads 2000c –
40% Methane hydrate and glass beads 2800c –
Yun et al. (2005) 40% THF hydrate and sand – 300
c
90% THF hydrate and sand – 1500c
Table 4.4: Tabulated P–wave (Vp) and shear wave (Vs) velocities from excess water testing
of this research, compared against results from various workers of hydrate synthesized in the
laboratory.aCalculated saturated Vp values.bValues calculated by Waite et al. (2004) using standard rock
physics relations.cApproximate values
of hydrate cementing in gas rich conditions.
The other tests on synthetic hydrate bearing sediments that have measured acoustic properties
have been conducted in water saturated conditions (Berge et al., 1999; Winters et al., 2004;
Spangenberg & Kulenkampff, 2005; Yun et al., 2005). The results from Yun et al. (2005)
compare the most favourably with the excess water tests, as discussed above, as well as the
20% hydrate and sand velocities given by Spangenberg & Kulenkampff (2005). As both of
these tests form hydrate out of solution, and in fully water saturated conditions, it appears that
the method of hydrate formation used in the excess water tests does in fact simulate hydrate
forming out of fully saturated sediment. Results such as those from Winters et al. (2004)
are mis–leading with regard to comparison with the excess water test results. The high values
seen from these tests may be due to the formation method of gas percolation giving an excess in
hydrate former in the pore space which is essentially like forming hydrate in partially saturated,
“excess gas” conditions.
With regard to measurements from the field, the hypothesis that hydrate is pore filling in water
saturated sediments also corresponds to many real world observations. Sakai (2000), Jakobsen
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et al. (2000), Lee & Collett (2001), Helgerud (2001) and Waite et al. (2004) have analysed
seismic data from a variety of locations against morphology models for hydrate bearing sedi-
ments. In each case, it was concluded that hydrate did not act as a cement, but formed in the
pore space.
4.3 Discussion of Different Sediment Tests
A series of tests were conducted on a variety of hydrate bearing sediments in order to determine
the affect of grain size and shape on hydrate growth. Hydrate was formed in four different
sediment types, using the “excess gas” methodology of Priest (2004). Hydrate content and
pressure–temperature routes were consistent for all specimens so that the affect of particle
characteristics could be analysed. This section describes the results from these tests, beginning
with observations during hydrate formation, followed by seismic velocity and wave attenuation
analysis.
4.3.1 Observations during Preparation and Hydrate Synthesis
Hydrate was formed in the different sediment specimens via the “excess gas” technique of
Priest (2004), although the route taken into the stability zone during this research was differ-
ent to that used by Priest. Hydrate was formed in the different sediment tests by increasing
the pressure to 10MPa in normal laboratory conditions, before dropping the temperature into
the hydrate stability field. Priest (2004) reduced the temperature to below freezing, before
increasing the pressure therefore forming hydrate from the ice phase of water. Despite these
differences, certain observations from Priest’s experiments can also be expected in the differ-
ent sediment tests. The hydrate content in each different sediment specimen should be large
enough to cause bonding of the sediment, and so an increase in seismic velocity should be
observed as hydrate forms. It is also possible that a change in axial displacement will occur in
the specimens due to the hydrate “jacking” the sediment grains apart as it forms.
Evolution of Stiffness and Damping
As the temperature was dropped in each different sediment test to take the specimens into
the hydrate stability zone, efforts were made to monitor the change in specimen properties in
an attempt to directly observe hydrate formation. Figure 4.22 gives the change in resonant
frequency as the temperature was dropped for each different sediment specimen. It can be seen
that an increase in resonant frequency was observed in all the different sediment tests, which
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Figure 4.22: Change in torsional resonant frequency with temperature, during temperature drop and
hydrate formation
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Figure 4.23: Change in torsional damping values with temperature, during temperature drop and hy-
drate formation
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corresponded to hydrate formation. However, it was only with specimen LBB/LBE-10 that
a gradual increase in resonant frequency could be observed due to consistent measurements
being taken over the temperature drop. Measurements from the remaining different sediment
tests could not be made due to the inability to identify resonant peaks during hydrate formation.
This was because of the high level of damping from the specimens that flattened any observable
peak in resonant frequency. Increased damping during hydrate formation can be attributed to
incomplete cementation. Saxena et al. (1988) show that a weakly cemented sand has a higher
rate of energy dissipation than a clean uncemented specimen of the same material. It has been
established that hydrate forms as a cement in “excess gas” formation conditions (Priest et al.
(2005) Section 4.2), and so the slow crystallisation of hydrate before full conversion represents
patchy cementation of the specimen. This peak in damping during hydrate formation can be
observed in LBB/LBE-10 specimen in Figure 4.23.
Axial Displacement Changes
The change in height of the specimen was monitored throughout the pressure increase, tem-
perature drop and hydrate formation. From the excess water testing sequence (Section 4.1.1) it
had been found that the apparatus contracted as the temperature of the system was decreased,
showing as an expansion of the specimen by the LVDT. The change in axial displacement
that was recorded from each different sediment specimen during temperature drop is given in
Figure 4.24. Although all the specimens show an expansion during the temperature drop, only
specimens LBB-10 and LBB/LBE-10 display a change close to what is calculated for the appa-
ratus expansion. Specimens LBE-10 and LBB/M-10 both show an axial displacement change
of around -0.06mm, which is much lower than expected.
The excess gas method of hydrate formation forces hydrate to grow on grain surfaces and at
contacts. Priest (2004) hypothesised that hydrate formation could cause an expansion in sedi-
ments due to hydrate ‘jacking’ grains apart. Table 4.5 gives the values for axial displacement
of each different sediment specimen at the beginning and end of the hydrate formation process.
Measured axial displacement (mm) change during
Specimen Start Beg. hydrate form. End hydrate form. hydrate formation (mm)
LBB-10 0.046 -0.112 -0.036 +0.076
LBE-10 0.115 0.05 0.081 +0.031
LBB/LBE-10 0.008 -0.202 -0.238 -0.036
LBB/M-10 0.400 0.363 0.337 -0.026
Table 4.5: Axial displacement values recorded for all different sediment hydrate tests at key stages in
each test
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Figure 4.24: Change in axial displacement for the different sediment tests against change in temperature
during the temperature drop into the hydrate stability zone. A negative change in axial displacement
corresponds to an increase in height of the specimen.
From analysis of the stiffness and damping measurements above, the beginning of hydrate for-
mation was taken to be at 10◦C for each specimen. The observations that were made show
that specimens LBB-10 and LBE-10 actually compress during hydrate formation, with only
specimens LBB/M-10 and LBB/LBE-10 showing a very slight expansion.
4.3.2 The Effect of Different Sediment Type on Stiffness
Prior to conducting hydrate tests, four dry–dense specimens of each sediment type were formed
so that baseline properties could be recorded. Figure 4.25 shows the results of these preliminary
tests. It was found that the increase in grain size from LBE to LBB corresponded with an
increase in Vs between the two specimens. This behaviour has been observed in the literature
(Buckingham, 2005; Iwasaki & Tatsuoka, 1977). Once 10% by weight of LBE or Mica was
added to the LBB specimen, Vs was seen to decrease from that of the pure LBB specimen.
This decrease has also been documented in the literature (Hight et al., 1999; Lee et al., 2007;
Clayton et al., 2004; Georgiannou, 2006) and can be considered due to a number of factors.
Lee et al. (2007) and Hight et al. (1999) suggest that mica grains can sit in between sand grains
as well as in the pores, changing the distribution of interparticle forces and thus reducing the
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Figure 4.25: Shear wave velocity Vs against effective confining pressure σ’ for different sediment tests
containing no hydrate
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stiffness of a material. Georgiannou (2006) suggests that this is not the case for the inclusion
of small diameter rotund particles to a larger diameter rotund sand , however results in Figure
4.25 indicate that there is some impact of the LBE on the LBB sediment. The stiffness of
the different sediment baseline specimens can therefore also be considered with regard to the
void ratio of the main sand fraction. Figure 4.26 plots normalised shear modulus Gmax against
void ratio for the different sediment baseline specimens (void ratio values are given in Table
3.7). Also plotted are the void ratios of the main sand fraction from specimens LBB/LBE
and LBB/M. Figure 4.26 shows that the reduction in Gmax seen in the LBB/LBE specimen is
predicted by Bui’s (2009) universal void ratio function when plotted against the void ratio for
the main sand fraction. The reduction in Vs from specimen LBB to specimens LBB/LBE and
LBB/M seen in Figure 4.25, may therefore be due to the increase in void ratio of the main load
bearing sand fraction, even though the overall void ratio of the sediment is decreased by the
inclusion of fines. The additional reduction in stiffness seen in specimen LBB/M may be due
to the mica/sand grain interaction described by Lee et al. (2007).
It has been established in the previous section that hydrates formed by the excess gas method
cement the host sediment. Taking this into consideration, certain hypotheses can be drawn as
to what results to expect from the different sediment tests. If the formation of hydrate in each
of the sediments was to have an equal cementing affect, one might expect the results to follow
the same pattern as the baseline results in Figure 4.25. Specimen LBE-10 could be expected
to show the lowest shear wave velocity, with specimen LBB-10 having the highest. However,
as Priest (2004) has shown, hydrate bearing sands made using this technique are sensitive to
hydrate content. The larger hydrate content of the LBB/M-10 specimen may therefore result
in the highest shear wave velocity of all the specimens. Both baseline and hydrate test results
have been plotted in Figure 4.27(a) for the torsional resonant column tests and Figure 4.27(b)
for the flexural tests so that any connections between the results can be directly observed.
The first observation that can be made from Figure 4.27 is that the hydrate content in the pore
space was sufficient to bond each type of specimen mixture, as shown by the large increase
in shear and longitudinal wave velocity. To validate this observation, the relationship between
wave velocity and effective stress given by Cascante (1996) in Equation 4.1 was calculated, and
the values for the b exponent were found to fall to around the values obtained for the bonded
sands of Priest (2004) (Table 4.6).
Although it is clear hydrate bonds the sediment mixtures, it is also apparent that it does not
do so to an equal degree. The predicted distribution of velocities for the different sediment
hydrate specimens suggested the LBE-10 specimen would have the smallest shear and lon-
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(b) Longitudinal wave velocity from flexure Vlf against effective confining pressure σ’
Figure 4.27: Results from torsional (a) and flexural (b) tests on all different sediment specimens
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gitudinal wave velocity after hydrate formation, as the baseline tests in Figure 4.25 give this
behaviour. It is clear from both Figure 4.27(a) and Figure 4.27(b), that specimen LBB/M-10
shows the smallest wave velocities when containing hydrate, even though it contains the largest
hydrate content, and had a larger wave velocity than the LBE specimen in the baseline tests.
Additionally, the LBB/LBE-10 specimen shows a shear wave velocity and longitudinal wave
velocity from flexure that is comparable to the LBB-10 specimen, when the baseline results for
the LBB/LBE sediment show it should be lower than the LBB. Two factors may be considered
with regard to the interaction of the hydrate and the grains that can help explain these obser-
vations: Firstly, the impact from the change in surface area, and secondly, the interaction of
coarse and fine grained particles at grain contacts.
Surface Area Effects
It has been established that in excess gas conditions, hydrates form on particle surfaces and
contacts where the water resides (Section 4.2). The volume of water added to a specimen
will be adsorbed on to the mineral surface and then additional water will form at the particle
contacts due to capillary action between the grains. The volume of water adsorbed onto grain
surfaces in the specimens is directly related to the surface area of the grains available, and to
the grain surface roughness. The materials used in the different sediment tests each have a
different surface area per grain. In order to estimate the total surface area in each specimen, the
grains were approximated as smooth scalene ellipsoids (Clayton et al., 2008a). Although this
method does not account for the additional adsorbed water due to the surface roughness of the
LBE sand grains, it allows for a good approximation of the surfaces areas within the sediments
to be made. The surface areas for LBB, LBE and Mica grains are therefore approximated as
being 2.20 x 10−6m2, 1.52 x 10−8m2 and 1.29 x 10−8m2 respectively. By also knowing the
volume of each scalene ellipsoid grain, the total surface area for the volume of material in each
of the specimens could be calculated, and is given in Table 4.7.
The specimens with greater surface area, LBE-10 and LBB/M-10, appear to show slower wave
velocities when hydrate is formed in the sediment. When comparing the values from Table 4.7
A Constant b exponent
Specimen Vs Vlf Vs Vlf
LBB-10 1161 1548 0.0305 0.0377
LBE-10 1253 1733 0.0093 0.0149
LBB/LBE-10 1261 1504 0.0180 0.0398
LBB/M-10 1008 1274 0.0266 0.034
Table 4.6: Values for the A constant and b exponent for the different sediment hydrate specimens.
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Surface area per Surface area of
Specimen m3 of material (m2) grains in specimen (m2)
LBB-10 8 x103 2.75
LBE-10 112 x103 33.83
LBB/LBE-10 18 x103 6.85
LBB/M-10 124 x103 42.07
Table 4.7: Estimated surface areas for each specimen, calculated using the formulae by Thomsen (2004)
for the surface area of scalene ellipsoids
with the results in Figure 4.27, it seems that the specimens with the smallest surface area, LBB-
10 and LBB/LBE-10, correspond to the specimens that show the largest shear and longitudinal
wave velocities when hydrate is formed.
Priest et al. (2005) showed that the seismic velocity for LBE sand, increased with increasing
quantities of hydrate in the pore space, due to the increase in quantity of a bonding material
at particle contacts. The change in grain surface area seen in the different sediment specimens
from LBB-10 to LBB/M-10 means more water is required to cover the grain surfaces, and so
less water will reside at grain contacts. Less water at grain contacts means less cement bonding
the particles, and so a slower shear and longitudinal wave velocity.
This hypothesis can be investigated by considering the volume of water bound to grain surfaces.
Olhoeft (1976) suggests that 7–8 monolayers of water, each 10−8m thick, are bound to silica
surfaces in partially saturated rocks. If this value is taken as an average for the grains in our
specimens, the volume of water bound on grain surfaces can be calculated. Considering the
initial volume of water added to each specimen, the percentage of that water bound to surfaces,
for each specimen, is 0.9% for LBB-10; 2.6% for LBB/LBE-10; 10.3% for LBE-10; and 13.4%
for LBB/M-10. These values show that the specimens with the smallest surface areas have more
water available for bonding at particle contacts than the specimens with a high surface area.
The differences in seismic velocities for each specimen however, is not so great as would
be suggested by the calculated differences in surface area. Longitudinal wave velocity from
flexure results (Figure 4.27(b)) show specimen LBB/M-10 as having the slowest velocity, but
the remaining specimens have longitudinal wave velocities at a similar value. The surface area
hypothesis predicts a larger distinction between the results. Therefore, there must be another
factor controlling how hydrate affects the sediment mixtures.
Sediment Grain and Hydrate Interaction
With material mixes such as those tested here, it is also necessary to consider the direct effect of
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the range of grain sizes and shapes in each specimen. Research into mixes of granular and platy
materials shows that the stiffness of a rotund sand changes with the inclusion of fines (Hight
et al., 1999; Lee et al., 2007; Clayton et al., 2004; Georgiannou, 2006) as discussed previously
in this section. The low shear and longitudinal wave velocities for specimen LBB/M-10 may
be due to a combination of the interaction of the LBB and mica particles and the large surface
area of grains inside the specimen. The inclusion of 10% by weight mica to an LBB sediment
increases the void ratio of the main sand fraction, so that the load bearing frame of the sediment
is in a loose state (see Table 3.8). The large surface area of the mica grains, and the spread
of hydrate cement over each grain surface, means that the proportion of cement at the LBB
contacts is reduced. Coupled with the initial loose state of the LBB load bearing frame, bonding
is not as effective in specimen LBB/M-10 than in the other different sediment specimens, and
results in specimen LBB/M-10 showing the lowest shear and longitudinal wave velocity results.
The addition of small diameter rotund particles to a clean sand of a larger grain size, has
less effect on seismic velocity than the introduction of mica, but still alters bulk properties.
Although the majority of the LBE grains may sit in the pore space and do not interact with the
LBB grains (Georgiannou, 2006), the addition of LBE to LBB does appear to increase the void
ratio of the main sand fraction, creating a medium–dense load bearing frame (Table 3.8). Figure
4.27 shows that the addition of gas hydrate to the LBB/LBE specimen, gives the same shear
and longitudinal velocities as the hydrate bearing LBB specimen. As the baseline LBB/LBE
specimen had a lower velocity than the LBB dry dense specimen, it appears to give the largest
increase in seismic velocity of all the materials tested. This increased bonding affect may be
due to the interaction of the hydrate cement with the LBE grains. Cement and concrete research
shows that pore filling inclusions to cement mixes increases the cohesive characteristics of
concrete (Murdock et al., 1991; Neville, 1995). This can be due to an increased number of
nucleation and bonding points, or the inclusion of a solid material in the compliant hydrate
cement.
4.3.3 The Effect of Different Sediment Type on Attenuation
Attenuation in the different sediment specimens was found through the free vibration decay
method described in Section 3.2.1. Figures 4.28 gives the shear wave and longitudinal wave
from flexure attenuation (Q−1s and Q−1lf respectively) found for all the different sediment tests
against effective confining pressure. As in the excess water tests, the attenuation values de-
crease slightly with effective confining pressure, but overall the attenuation can be considered
to be constant throughout the load cycle. Figure 4.29 plots the attenuation values for the dif-
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ferent sediment tests in more detail, with reference to each sediment type. The plot shows
that the inclusion of 10% hydrate in the sediment mixtures does not have a significant impact
on the attenuation values from the control tests (dry dense specimens), which agrees with the
attenuation results from Priest (2004) where the same formation technique was used. Priest
obtained shear wave and longitudinal wave from flexure attenuation values of around 0.015 for
LBE sand containing 10% hydrate content, a value which was also found for the LBE-10 spec-
imen in this research. In all specimens, the attenuation increases from the dry dense state to the
hydrate filled state, although to different degrees in each sediment type. No discernable pattern
can be distinguished from this increase of attenuation when hydrate is included, however the
low value, similar to that of Priest’s (2004), agrees with the assumption that hydrate is bonding
each different sediment specimen.
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Figure 4.28: Shear and longitundinal wave attenuation Q−1 plotted against effective confining pressure
σ’ for all different sediment tests through the load cycle
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Figure 4.29: Shear and longitundinal wave attenuation Q−1 of all different sediment tests compared
against dry dense specimens containing no hydrate.
Chapter 5
TESTS ON NATURAL HYDRATE
SAMPLES
5.1 Introduction
Five core sections from the Indian National Gas Hydrate Program (NGHP) 01 expedition were
supplied to the University of Southampton with the object of determining some dynamic geo-
physical properties of the hydrate bearing sediment. This chapter describes the processing of
these cores through various stages of investigation into their properties, beginning with visual
documentation of the morphology of the hydrate in the core sections, followed by attempts to
test the samples in the GHRC, and finally the geotechnical analysis of the host sediment.
5.1.1 Sample Origin
The samples provided for testing were recovered from the Krishna–Godavari Basin, on the
eastern margin of the Indian peninsula (Figure 5.1). The eastern margin of India is a passive
continental margin, with a high rate of sediment deposition due to the Ganges–Brahmaputra
river system draining into the Bay of Bengal and creating the Bengal Fan. This large sediment
accumulation has a maximum thickness of 22km on the Bangladesh shelf, and is responsible
for 8–10km of sediment located in the Krishna–Godavari basin. Modern deposits into the basin
are dominated by input from the Godavari River, and so the sediments that were drilled in the
basin during NGHP-1 were mainly clays with well defined sand horizons (Collett et al., 2008).
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Figure 5.1: Location of the NGHP-1-10 and -21 drill sites (Collett et al., 2008).
Of the five core sections supplied to Southampton, four came from a single core drilled at
site NGHP-1-10B, with a further section taken from a core drilled at site NGHP-1-21C. Both
sites were in a water depth of 1049m with site NGHP-1-21C offset approximately 20m SE
from hole NGHP-1-10B. The section cored from site NGHP-1-10B was taken using a Fugro
pressure corer (FPC), which is capable of recovering a 1m core with a diameter of 57mm
(Francis, 2001). Core NGHP-1-10B-08Y comprised of 86cm of sediment taken from 50.1m
below sea floor (mbsf), which was sub–sectioned into 20cm lengths for testing. The section of
core from site 21C was retrieved with a HYACINTH rotary corer (Francis, 2001), which can
take a core of sediment approximately 1m in length and 51mm in diameter. Core NGHP-1-
21C-02E consisted of 110cm of sediment from 56.5mbsf, of which the section from 23–46cm
was taken for testing at Southampton. Both cores were taken from horizons identified as gas
hydrate rich from LWD (logging whilst drilling) data. In the case of NGHP-1-10B, no BSR had
been observed in the seismic data, however LWD showed extremely high electrical resistivities
that were attributed to hydrate accumulation (Collett et al., 2008).
The sediments recovered at sites NGHP-1-10B and NGHP-1-21C show a similar lithology due
to their close proximity. The sections supplied to Southampton were described as coming from
sediments composed primarily of clays and silty clays with varying amounts of microscopic
authigenic carbonate. Through analysis of the cyclicity of the stratigraphy, and the lack of cer-
tain nannoplankton species, the age of the sediment is considered Quaternary to recent (Collett
et al., 2008).
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5.1.2 Sample Management
Once cores NGHP-1-10B-08Y and NGHP-1-21C-02E had been recovered to the surface, each
core was subjected to non–destructive analysis via the Multi Sensor Core Logger – Pressure
(MSCL-P) (Schultheiss et al., 2008) prior to being sent to Southampton. Gamma density and
P–wave velocity were obtained for each core, as well as some X–ray images. The cores were
then transferred under pressure to Singapore, where further measurements in the MSCL-P were
taken along with an X–ray computed tomography scan of each core length, conducted using a
16–slice Phillips Mx8000 (voxel resolution of approximately 0.5mm). Once scanned, the cores
were rapidly depressurised and sectioned before being wrapped in aluminium foil, placed in
a canvas bag and submerged into liquid nitrogen. The cores were exposed to atmospheric
pressure for no longer than 90 seconds prior to being frozen (Collett et al., 2008).
5.1.3 Programme for Testing NGHP-1 Samples
Following the delivery of the core sections to Southampton, a programme was developed so
as to optimize the collection of data from the natural hydrate samples. Seven stages were
scheduled for the total investigation:
1. Visual observation of the geometry, persistance and orientation of the hydrate inside the
samples, through X–ray computed tomography. Hydrate content and disturbance of the
samples was assessed at this stage.
2. Documentation of the state of the frozen samples by standard photographic methods,
following the removal of the plastic core liners.
3. Resonant column testing of the best preserved specimen in the GHRC following analysis
of CT scans and photographic observations.
4. Selection of small sub–samples of frozen core (preferably containing no hydrate) for
moisture content, organic content and salinity testing.
5. The unfreezing of the core sections and the collection of the subsequent gases.
6. Imaging of sub–samples via scanning electron microscopy.
7. Geotechnical analysis of the host sediment properties including particle size distribution,
moisture content, plasticity and triaxial shear strength testing.
By comparison with the early data obtained from the cores whilst at in–situ pressures, it was
hoped that this sequence of testing would provide valuable information on the effect of hydrate
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on natural fine grained sediments. The CT scanning of the core sections before and after de-
pressurisation and freezing also gave the opportunity to evaluate the methods of natural hydrate
sample handling and storage.
5.2 X–Ray Computed Tomography Scans of Natural Hydrate
Samples
X–ray computed tomography (CT) is a non–destructive radiographic method that allows for
analysis of planar and volumetric structures in three dimensions (ASTM-E1441-00). The prin-
ciple of the technique is to take a number of two dimensional X–ray images through an object
at different rotation angles. CT software can then compile the 2D images to produce a 3D
volume showing the internal structure of the object. The main advantage in CT scanning is the
quantitative densitometric (density and geometry) measurements that can be obtained for slices
of an object. In the case of gas hydrate bearing sediments, CT scanning allows internal hydrate
morphology to be observed, and hydrate volume quantified, without destruction of the sample.
5.2.1 Methodology for X–ray and Photographic Imaging of Frozen Cores
The process of a CT scan requires the sample to be removed from liquid nitrogen and exposed
to room temperatures for an extended time. To investigate the temperature increase experi-
enced by a frozen sample when left at room temperature, a number of representative clay core
specimens were manufactured. The first of these specimens was submerged in liquid nitrogen
for 24 hours before being removed and placed on the worktop at a room temperature of 20◦C
without any insulation. Temperature change on the outside edge of the specimen was then
measured and showed an increase from −145◦C to −25◦C over a 50 minute period. A second
frozen specimen was then removed from liquid nitrogen and placed in a cylindrical polystyrene
container, measuring 250mm in height, with walls 30mm thick. The temperature was measured
once again on the outside edge of the specimen. The recorded temperature change showed an
increase from −155◦C to −107◦C in 50 minutes, with the temperature of the specimen reach-
ing −62◦C in 130 minutes. The degree of specimen warming inside the polystyrene container
was considered low enough to limit gas hydrate dissociation over a period of 2 hours. The
containers would therefore be used as a vessel to hold the NGHP core sections whilst CT scans
were conducted, with the time for a full scan of the specimens limited to a time period of two
hours (see below).
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Apparatus
The X–ray CT equipment at the University of Southampton is an X–tek Benchtop CT 160Xi.
It uses a 160kV, 60 Watt microfocus X–ray source and a CMOS flat panel detector (1248x1248
pixels) with a maximum scan area of 100mm by 100mm. The X–tek apparatus also has a
movable stage that allows for different size objects to be scanned, with an ultimate resolution
of 5µm for small objects of 5mm maximum width. Due to the width of the cores, resolution
achieved for the NGHP-1 core sections gave a pixel size of 80µm. As the maximum height
of the scannable area is 100mm, the NGHP-1 core sections required the top and bottom of
samples to be scanned separately.
Resolution and scan quality in the X–tek equipment also depends on the imaging conditions.
For one scan, the number of rotation steps must be set, with a maximum of 1800 steps in the
full 360◦C rotation giving the best resolution. For each rotation step, the exposure time for the
X–ray shot (up to 2ms), as well as the number of shots taken at that step (up to 4 shots) will
also increase the quality of the scan. If all settings were at a maximum, a single CT scan could
therefore take up to four hours to complete.
In order to limit the scan time of each NGHP-1 sample but also maximise resolution and scan
quality, the number of rotation steps was set to 901, and only one shot at each step (with an
exposure time of 2ms) was taken. These settings reduced the scan time to approximately one
hour, so that total time for the samples to be out of liquid nitrogen did not exceed two hours.
Post–Scan Photographic Documentation
Once each core section had been scanned in the X–Tek machine, the plastic core liners could be
removed so as to photograph the cores in their frozen state. After scanning, the samples were
once again immersed in liquid nitrogen for a minimum of 24hrs. They were then removed
and the plastic liners were sliced down each side, using an electric disc cutter, taking care
to avoid disturbing the core section inside. At this point, each sample was photographed at
laboratory temperatures before being placed back into liquid nitrogen. The total time samples
spent out of liquid nitrogen was kept under 5 minutes so as to minimise hydrate dissociation.
From previous investigations, the sample temperature would not have risen to above −100◦C
in these 5 minutes.
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5.2.2 Imaging Results
Each of the core sections were scanned in two sections, barring section NGHP-1-10B-08Y
26-66cm, where only 100mm of core had been retained in the plastic liner, and so did not
necessitate two scans to image the entire length. Figure 5.2 gives a comparison of the X–rays
taken during the NGHP-1 cruise and those taken in Southampton. An X–ray image shows
density difference across an object, with areas of low density giving the least absorption and
the lightest colour. The X–Tek scans show large regions of white in each core, which refer to
large voided areas. The on board X–ray scans show none of these voided areas as they were
taken on the cores whilst still at in–situ pressures.
Although X-ray images were obtained for all 9 core sub–sections, three dimensional recon-
struction of the cores could not take place for the sections NGHP-1-10B-08Y 26-46cm and
66-86cm: top.
Reconstructed CT Scan Images
Figure 5.3 shows two images of the core NGHP-1-10B-08Y section 46–66cm, that were recon-
structed from CT scans. Figure 5.3(a) gives an external view of the core, and does not highlight
the hydrate and void features present in the section. Even without this emphasis however, the
difference in density (grayscale value) of hydrate and sediment clearly shows the hydrate veins
in this view, with a thick hydrate vein evident down the right–hand–side of the core section.
In order to better visualise hydrate distribution, and to allow for quantification of the volume
of hydrate in the core sections, the hydrate was “segmented” out of the reconstruction. The
process of segmentation allows the user to highlight a band of grayscale values that represent
features in a reconstructed volume of a particular density. The higher the density, the lighter the
grayscale values become. Although actual density values are unobtainable from these particular
scans, hydrate shows up as darker features inside the lighter sediment due to it’s lower density,
and so can be segmented. Figure 5.3(b) shows an image of the same core shown in (a) (although
at a slightly different orientation) with the voids removed, and the hydrate highlighted in white.
The sediment has also been darkened to emphasise the hydrate.
During segmentation of the hydrate in the 3D reconstruction, it was found that a thin layer of
several pixels thick was highlighted around the edges of the voids. There are two possibilities
for these regions, which were observed in all core sections surrounding voids. Firstly, it may
be evidence of post–depressurisation hydrate formation that occurred during specimen storage
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Figure 5.2: A comparison of single shot X-ray images of cores NGHP-1-10B-08Y and NGHP-1-
21C-02E taken by the expedition scientific party inside a Geotek Multisensor Core Logger – Pressure
(MSCL-P), and the author using a X-Tek Benchtop CT 160Xi scanner.
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Hydrate
vein
(a) Image of initial CT reconstruction, with no
colouring to highlight internal features. Voids
can be identified as the darkest regions, as they
shown the lowest density, with the sediment the
palest as it has the highest density. A vein of hy-
drate can be seen down the RHS of the section.
(b) Image of the core section with the hydrate
highlighted in white. The blue colour depicts the
areas bordering the voids, and may be ice rather
than hydrate. The image has been cut away on
two sides so that the hydrate structure can be ob-
served clearly.
Figure 5.3: 3D CT images of core section NGHP-1-10B-08Y 46-66cm: bottom.
in liquid nitrogen. Rapid hydrate formation could have occurred on the wet surface of the sed-
iment when methane was driven out of solution from the pressure drop. The second possibility
is that the region represents the formation of frost onto the surface of the core during the CT
scanning process. Ice and hydrate have a similar density such that segmentation of a certain
band of grayscale values may highlight ice as well as hydrate. The formation of frost was ob-
served on the core sections when they were digitally photographed after the CT scanning, and
so it is assumed that this is the cause of the “halo” regions around the voids. It was also found
that these regions could be distinguished from the rest of the hydrate by segmenting a darker
grayscale value (shown in blue in Figure 5.3(b)).
Further 3D reconstructions of some of the cores sections can be found in Appendix B.
Images of Frozen Core Sections
Figure 5.4 shows one of the digital photographs that were taken of the frozen core sections
after CT scanning. The particular core section shown in this figure is the portion from 66–
86cm from the top of core NGHP-1-10B-08Y. The image shows that the section has been
considerably disrupted. Voids varying in size from approximately 0.2cm to 2cm depth are
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Figure 5.4: Photograph of core NGHP-1-10B-08Y, section 66-86cm after being removed from the core
liner. The horizontal line running along the length of the core was made by the disc blade when cutting
away the plastic liner.
evident throughout the section, with the two largest voids displacing the core so that it is no
longer a complete section. In addition, each of the core sections show extensive voids over
each of the section surfaces. Digital images of all the core sections can be found in Appendix
B.
5.2.3 Observations From Digital and CT imaging
The preliminary X-ray scans and visual observations made on the boat immediately after pres-
surised core recovery during cruise NGHP-1 provided an insight into the morphology of the
gas hydrate in the sediments of sites 10 and 21 even before analysis of detailed CT scans. The
gas hydrate was identified in cores NGHP-1-10B-08Y and NGHP-1-21C-02E to be in the form
of nodules, discrete horizontal veins, and thin, wispy subvertical to vertical hydrate structures
(Collett et al., 2008; Holland et al., 2008). It was also described to be “grain displacing”, a term
used to define hydrate that does not form in the pore spaces of a sediment, but forces grains
apart forming veins, layers and lenses of pure gas hydrate (Holland et al., 2008).
Initial study of the three dimensional CT reconstructions appears to confirm the statements
made by the NGHP-1 scientific party. Each core shows hydrate in the form of discrete sub-
vertical veins, varying in thickness between 7mm and less than 0.5mm. The high resolution of
CT scanning obtained by the X-Tek equipment means that the geometry and volume of these
hydrate veins can be analysed, and any potential preference in vein orientation detected.
The horizontal veins described by the NGHP-1 crew cannot be seen in the CT scanned samples,
but may have been lost during the transfer of the samples to liquid nitrogen. The disturbance
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seen in the core samples will be discussed at the end of this section.
Hydrate Geometry
The computed tomography data from each core section was manipulated using the Volume
Graphics software VGStudio MAX. Orientation and dimensional data was collected on indi-
vidual hydrate veins by analysing two dimensional slices of the 3D volume. Figure 5.5 shows
the process by which orientation data was determined.
As the core sections were delivered from the NGHP-1 cruise without any reference to original
orientation in the ground nor to how they relate to each other, dimensional analysis can only
be made on each core section individually. Although this does not allow for conclusions to be
drawn across the whole core, any patterns in vein orientation and dip may still be highlighted.
Measurements on each core section were therefore taken with respect to x,y,z coordinates dis-
played by the Volume Graphics software, with the y axis direction indicating “North” (Figure
5.5(a)). Once a point of reference was established, slices through the core at 45◦ intervals were
taken from 0◦ through to 360◦. Axial slices at regular intervals were then taken throughout the
section. At each axial slice, orientation of the major veins was recorded as a strike between 0
to 180◦. To obtain the corresponding dip of the veins, the predominant strike direction at each
axial slice was determined and the frontal slice that would give the best true dip was chosen
(Figures 5.5(b) and 5.5(c)). These two sets of readings can then be displayed on a histogram to
show the predominant dips and strikes of the veins.
NGHP-1-21C-02E 23-46cm This core section was scanned in two sections. After initial
scanning it was found that the bottom section was 69% void space. Vein orientation mea-
surements were therefore not conducted on this part of the section. All geometry information
described here was therefore taken from the top portion. The veins observed in this core sec-
tion had a thickness of 1.5mm or less. No thick veins were present, however, there was an
abundance of the fine veins throughout the measured core section. Some of the detected veins
had a thickness of less than 0.5mm. Visual observation of the 3D volume show a predominant
orientation of the veins running in a N-S and NW-SE direction. Histogram data (Figure 5.6)
confirms these observations, with the most abundant strike orientations between 0◦ and 20◦.
Histogram dip data shows that the majority of the veins in this section are at a dip between 65◦
and 90◦.
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(a) Diagram illustrating the orientation
of the core sections and the determination
of dip and strike direction relative to each
core.
(b) An axial x,y slice (number 996) through core section
NGHP-1-10B-08Y 46-66cm:top. The north arrow indi-
cates 0◦ orientation.
(c) A frontal x,y,z slice corresponding to the axial slice above,
taken at line A-B.
Figure 5.5: Process of obtaining the hydrate vein orientation data.
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Figure 5.6: Accumulated data of strike direction and apparent dip for all slices of core section NGHP-
1-21C-02E 23-46cm:top
NGHP-1-10B-08Y 6-26cm Both the top and bottom of this core section were scanned suc-
cessfully and found to have few voided portions. Visual observation of the top of the section
showed that there were very few veins running through the core, with only one large vein per-
sistent along the length of the core. The dominant dip of this vein was found to be 80◦, with
an approximate dip direction of 135◦ and average thickness of 2.5mm. As no axial slices were
recovered for this section, further orientation analysis was not possible. Subsequently, orien-
tation data was taken mainly from the bottom portion of the core section. The bottom part
also showed veins with a thickness of 2.5mm or more, with one particular vein fattening to a
maximum of 4mm near the base of the section. These large veins showed a high dip, between
70 and 90◦. In addition, a number of smaller fibrous veins branched off from the main veins in
places. Figure 5.7 gives the orientation and apparent dip for all the veins in the bottom section
of this core. Once again, the dips cluster between 55 and 90◦, with the orientations showing a
tendency toward 130 to 150◦ and 15 to 45◦.
The small portion of core NGHP-1-10B-08Y 26-46cm that remained was successfully scanned,
and although contained a voided portion, had still maintained enough hydrate volume for anal-
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Figure 5.7: Accumulated data of strike direction and apparent dip for all slices of core section NGHP-
1-10B-08Y 6-26cm:bottom
ysis. This dataset was lost however before any orientation information could be taken, and so
is not included in this stage of analysis.
NGHP-1-10B-08Y 46-66cm This core section was successfully scanned and both top and
bottom portions analysed. It was found that one major vein (between 4 and 6mm thickness)
dominated the top core section and also appeared in the bottom part, passing through one
corner before being cut off by the core liner. The vein did not have finite edges, but split
into fibrous sub-millimetre veins that persisted for 10-20mm once broken away from the main
vein structure. Some of these microveins also joined back onto the main vein. These fibrous
microveins can be observed in both the axial and frontal slices. Additional to the major vein,
another large vein (average 2.5mm thickness) could be seen in the centre of the section, but
lensed towards the top of the core with a maximum length of 45mm. Apart from the two major
vein structures described, there were few individual smaller veins present in the top portion of
the section. Figure 5.8 shows the plot of the major vein apparent dip and strike orientation for
the top portion of section 46-66cm. It appears that the majority of the dips recorded are a little
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Figure 5.8: Accumulated data of strike direction and apparent dip for all slices of core section NGHP-
1-10B-08Y 46-66cm:top
less than seen in the previous core sections, mostly tending between 50 and 80◦. The largest of
the veins had a strike orientation of 115 to 140◦, with the majority of the other veins showing
a similar trend.
The bottom portion of core section NGHP-1-10B-08Y 46-66cm overlapped the top portion
where the major void running through this section could be seen. As mentioned above, the
largest vein from the top portion was observed in the top corner, and showed the same orien-
tation and dip as recorded for it above. There was also another large lenticular vein prominent
in this portion, with a maximum thickness of 4.5mm near the base of the portion. As the vein
lenses into the centre of the section, the end splits into thin fibrous veins approximately 1mm
thick, that continue through the sediment until they are truncated by the major void. Again,
aside from the two thick veins, smaller veins were prevalent in this part of the core. Histogram
data in Figure 5.9 shows a similar dip pattern to the top portion, with dips clustering between
45 and 75◦. Unfortunately, due to the different original orientation of the top and bottom sec-
tions when scanned, the two datasets cannot be directly combined, however, a dominant strike
orientation of 10 to 50◦ can be identified for the bottom portion.
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Figure 5.9: Accumulated data of strike direction and apparent dip for all slices of core section NGHP-
1-10B-08Y 46-66cm:bottom
Stereonet Analysis
Once the general strike orientation and apparent dip had been recorded for each core section,
it was found that a number of individual veins could be recognised in both frontal and axial
slices for a few of the core sections. From these veins, true dip and strike information could
be taken and the poles to these planes plotted on an equal–area lower–hemisphere projection
to identify any potential patterns to the hydrate vein growth in the NGHP-1 core samples.
A total of 4 readings could be taken from the 6-26cm section, which was not enough to be
significant. However, 15, 16 and 33 dip and strike readings could be taken from sections
NGHP-1-10B-08Y 46-66cm:bottom, NGHP-1-10B-08Y 46-66cm:top and NGHP-1-21C-02E
23-46cm respectively. Figure 5.10 shows the resultant contour plots, when the poles to the
planes of each vein were plotted using an equal–area (Schmidt) net. As with the histogram
data, the orientations in each equal–area projection are not comparable with each other.
Although the datasets are small, the readings taken from each core section show preferential
hydrate vein orientation. In each of the plots in Figure 5.10 a concentration of points can be
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(a) NGHP-1-10B-08Y 46-66cm: top (b) NGHP-1-10B-08Y 46-66cm: bottom
(c) NGHP-1-21C-02E 23-46cm
Figure 5.10: Equal–area lower–hemisphere projection contour plots generated from the poles to the
planes of individual veins identified in axial and frontal slices from each core section. The datasets are
small in each plot: 16 points in plot (a), 15 in plot (b) and 33 in plot (c). The actual data points are also
plotted as black dots.
identified. In Figure 5.10(a) the mean vector of the plotted veins indicates a preferred dip and
dip direction of 66◦/040◦, although a few points suggest another vein set with a dip of 85◦
and dip direction of 305◦. Similarly, two vein orientations are suggested in Figure 5.10(b).
The mean vector of the larger cluster of poles indicates a vein set with a dip of 62◦ with a dip
direction of 294◦, with another vein set dipping 63◦ with a dip direction of 054◦. The vein data
from Figure 5.10(c) suggests two vein sets close to one another, with the mean vectors of the
two sets giving a dip and dip direction of 80◦/321◦ for one set and 77◦/287◦ for the other.
The preferential vein orientations seen in Figure 5.10 would suggest that there is some con-
trolling influence on their formation in the sediment column. Systematic vein growth can form
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in sediments due to sedimentary features or in-situ pressure regimes. Grain size or water con-
tent variation in a body of sediment can lead to preferential hydrate growth along particular
horizons, and increased overburden or hydraulic pressure in a sedimentary sequence can cause
deformation or fracturing along which hydrate can form.
In sediments where there are interbedded coarse and fine grained materials, hydrates are more
likely to grow in the layers of higher permeability and pore size due to thermodynamic and ki-
netic effects (Handa & Stupin, 1992; Ginsburg & Soloviev, 1997; Clennell et al., 1999). As the
lithostratigraphic analysis describes the sediment in both of the NGHP-1 cores as homogeneous
(Collett et al. (2008) and data analysis in Section 5.3), it does not appear that sedimentary dis-
continuities control hydrate vein orientation here. Water content distribution in a sediment may
also cause hydrate to form in distinct regions, as water availability has been shown to control
hydrate morphology in the Okhotsk Sea and the Gulf of Mexico (Soloviev & Ginsburg, 1997).
However, there is no evidence to suggest that water segregation is controlling the distribution
of veins in the NGHP-1 cores.
The vein growth in the NGHP-1 cores is therefore more likely to have been controlled by the
stress regime in the Krishna-Godavari basin. The location of sites NGHP-1-10 and NGHP-1-
21 is significant in this respect, as they are situated at the top of a tightly folded ridge structure.
Fractures in the strata underlying the gas hydrate stability zone provide conduits for gas and
fluid migration, creating potentially elevated pressures beneath the gas hydrate bearing sed-
iments. This type of site is classified as “focused, high–flux” (Trehu et al., 2006), and the
hydrate morphology observed from the CT imaging can often be found where this flux regime
exists (Holland et al., 2008; Trehu et al., 2006). A high pore pressure system could induce
hydraulic fracturing in the clay into which hydrate would form. Further evidence for this frac-
turing mechanism is by the presence of “sets” of veins, which could indicate episodic fracturing
events (Holland et al., 2008). Collett et al. (2008) commented on the presence of vein sets in
some of the NGHP-1 sediments, but were unable to make conclusive remarks about the stress
regime in conjunction with hydrate vein formation.
Hydrate Volume Analysis
The Volume Graphics software used to analyse the CT imagery of the NGHP-1 cores allowed
the determination of hydrate volume by segmentation. As mentioned in Section 5.2.2, seg-
mentation highlights areas of a particular grayscale (and therefore density) value, which can
then be isolated from the total reconstructed volume. By segmenting out the void space and
the hydrate veins, the volume of hydrate in each core could be quantified as a percentage of
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(a) Volume of hydrate and voids in all sections for both cores as a percentage of the total core volume.
(b) Detailed volumes obtained from selected cores. Volume of hydrate represented as a percentage of the
total frozen solids in each 100mm sliced section
Figure 5.11: Volume analysis for the NGHP-1 core sections.
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the frozen sediment mass. From this, and by determination of the void ratio of the host sedi-
ment (Section 5.3), an estimate of hydrate content as a percentage of the pore space was found.
Figure 5.11(a) shows the hydrate content from each core section, as well as the percentage of
the core that was comprised of large voided space. In order to get a more detailed view of
hydrate volume, certain cores were split into 100 slice portions (100 slices equates to approxi-
mately 10mm). Figure 5.11(b) shows the detailed volume analysis for core sections NGHP-1-
10B-08Y 6-26cm, NGHP-1-10B-08Y 46-66cm, and NGHP-1-21C-02E 23-46cm: top. The
slight disparity between the whole core volume values (Figure 5.11(a)) and the more detailed
breakdown (Figure 5.11(b)), is due to the segmentation method used, which approximates the
volumes according to individual core section analysis.
Section 6-26cm shows a variation from over 33% to 10% hydrate volume over the length of the
section (approximately 200mm). Similarly, section 46-66cm has a large variation in volume
through the core, with highs of almost 75% seen in the centre part of the section. It must be
noted that this portion of the core section is dominated by void space, and the high volume of
hydrate recorded may also include an element of ice, as discussed in Section 5.2.2. Section 23-
46cm from core NGHP-1-21C-02E has a much more consistent hydrate volume distribution,
with a variation of around 15% through the core.
The main observation from Figure 5.11 is that the volume of hydrate present in these cores
is very high. The analysis suggests that in the sections with few voided areas (and so less
opportunity for the inclusion of ice to the volume estimate), hydrate contents reach 50% of
the pore space. These findings are slightly higher than those recorded during the NGHP-1
cruise (Collett et al., 2008). On board data shows gas hydrate contents to be between 17
and 25% of the pore space for samples taken at site 10. Gas concentrations recorded from
a sample depressurised at site 21 also suggest a similar hydrate content, at around 30% of
the pore volume (Collett et al., 2008). However, estimates of hydrate content from analysis
of resistivity and sediment porosity show high hydrate contents in the region of 85% for the
sediments between 27-90mbsf (Collett et al., 2008).
The results show that large volumes of hydrate can exist in this vein–filling, “grain displacing”
(Riedel et al., 2006; Holland et al., 2008) morphology. The question that arises is whether these
large accumulations can be detected and quantified accurately by current seismic surveying
and remote geophysical techniques. Many of the current methods assume hydrate occupies
the pore space of the sediment in a homogeneous distribution. Estimates from the 3D imaging
state hydrate contents up to 73% of the pore space, but this hydrate does not occupy the pore
space. Hydrate in the NGHP-1 cores comes as discrete pure veins, heterogeneously distributed
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throughout the sediment. Although resistivity measurements can successfully detect hydrate
accumulations of this nature, accurate quantification is not a guarantee (Riedel et al., 2006;
Collett et al., 2008).
Sample Disturbance
As described previously, each of the core samples delivered to Southampton University showed
sample disturbance in the form of large void spaces. As the on board X-rays of the cores show
no sign of disturbance (Figure 5.12), it appears that the large voids developed during the transfer
of the samples from the pressurised core barrel into liquid nitrogen. The issues arising from
this are whether the disturbance was caused by dissociating hydrate during the depressurisation
and rapid freezing procedure or some other effect.
It is clear from the images of the reconstructed CT volumes, that a significant volume of hydrate
was present in the Southampton NGHP-1 cores suggesting that hydrate survived depressurisa-
tion and storage in liquid nitrogen. Detailed study of these images shows that not only were
large hydrate veins still evident, but also that fibrous microveins also remained (Box A, Figure
5.12). The large remaining volume of hydrate seen in the cores does not suggest dissociation
was prevalent as a disturbance mechanism. The void pattern also implies a process other than
hydrate decomposition, with the majority of voids orientated perpendicular and cross cutting
the predominant hydrate trend. If gas was evolving from hydrate dissociation, voids could be
expected to develop along the vein orientation. As there are no observable gas expansion zones
alongside hydrate veins, it is unlikely that much hydrate dissociation occurred in the samples
during depressurisation and subsequent storage in liquid nitrogen.
The more likely cause of sample disturbance is therefore the expansion of methane gas coming
out of solution in the pore water. The cores were recovered from a pressure of 110bar. The
solubility of methane in sea water at this pressure and ocean bottom temperatures is approxi-
mately 68 times higher than at surface pressure and temperature (Handa, 1990). The pore water
of the cored sediment would be expected to contain an amount of methane in solution, most of
which would come out once the core was removed from the pressure vessel. The depressuri-
sation process would also cause any compressed free gas in the sediment to expand rapidly to
approximately 100 times its pressurised volume.
Analysis of the volume of voids with regard to the volume of hydrate seen in each core suggests
hydrate volume dictates how much a sample will be disturbed after depressurisation. Figure
5.13 shows the volume of voids plotted against the volume of hydrate for each core section
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Figure 5.12: A comparison of CT images taken of core NGHP-1-10B-08Y section 46–66cm before and
after depressurisation and storage in liquid nitrogen.
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Figure 5.13: Volume of hydrate plotted against volume of voids for each measurable NGHP-1 core
section
where volume data could be taken (Figure 5.11). The plot implies that the volume of voids in
a core (magnitude of disturbance) increases with hydrate content.
The repercussions of extensive sample disturbance are considerable when attempting to me-
chanically test natural hydrate samples in the laboratory. The development of any voids prior
to testing will result in sample collapse once inside an apparatus with total stress applied. In the
case of the NGHP-1 samples, one of the programme aims (Section 5.1.3) was to conduct res-
onant column testing on the best preserved core sections. Section NGHP-1-10B-08Y 6-26cm
was chosen to be tested. The trimmed sample was placed in the apparatus in a frozen state, at
which point a confining pressure was applied by the use of nitrogen gas. The resonant column
apparatus has a very low tolerance for sample settlement, due to the configuration the magnets
on the drive plate and the surrounding coils (Section 3.2.3) Once isotropic stress had been ap-
plied to the core section, the voids collapsed reducing the height of the section by over 5mm.
This made testing of this core section impossible. As the remaining core sections contained
much larger voids than section 6-26cm, no further resonant column testing was attempted on
the NGHP-1 samples.
If successful laboratory testing of natural hydrate samples is to be achieved, storage and trans-
portation methods must be developed that will consider the depressurisation effects on sample
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integrity. Alternatively, steps must be taken to reduce the expansion inside cores as they are
depressurised and frozen in liquid nitrogen.
5.3 Host Sediment Properties
The dissociation of hydrates in a sediment can change vital mechanical properties. Not only
will the loss of a stiff and potentially supportive material in the pore space have an effect on
the strength of a material, but the changes in water content and salinity provided by dissoci-
ation will also have an impact. The understanding of the geotechnical properties of the host
sediment is therefore of vital importance when gauging the effects of hydrate dissociation on
the integrity of well bores drilled through hydrate bearing zones, as well as submarine slope
stability. Although index and strength tests are routinely conducted on cored sediments at sea,
little work has been done in the laboratory to evaluate hydrate host sediment properties.
This section describes the series of geotechnical tests carried out on the NGHP-1 core samples,
and hypothesises on the effect of hydrate dissociation on the sediment. Initially, index tests
were conducted on small sub–samples from the frozen cores. Of the initial sub–sample tests,
organic content and water content analysis was undertaken by the author. Particle size distribu-
tion and salinity tests were conducted by research staff at the National Oceanography Centre,
Southampton. After testing, the sub–samples were then combined with the rest of the core
sediment after hydrate dissociation in order to provide a single sample for plasticity, specific
gravity and strength testing. This index and strength testing was undertaken by SGC (Surrey
Geotechnical Consultants, Limited).
5.3.1 Sub–sample Testing
Sub–samples of around 10-20g were taken from each frozen core. Care was taken to sample
portions of the core that contained as little hydrate as possible, so that the in–situ properties of
the host sediment could be ascertained without contamination from dissociating hydrate. It was
assumed that water content and pore water salinity would be affected by hydrate dissociation
if mixed samples were taken. This would be due to fresh water being added to the sediment
as it was released during dissociation. Once brought to room temperature, basic tests were
conducted on the subsamples, namely particle size distribution analysis, water content deter-
mination, pore water salinity and organic content. Table 5.1 gives the results from these tests,
with reference to sub–samples taken from different parts of the core sections. The correspond-
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ing core section parts can be seen in Appendix B.
Organic Content and Particle Size Distribution
Total organic carbon, as well as inorganic carbon were determined for 9 subsamples. The
tests were carried out using a UIC Coulometrics Carbon Dioxide Coulometer, following the
procedure set out in BS EN ISO-21068-2:2008. The results in Table 1.1 show that the total
organic content in the sediment is low, less than 3%, which corresponds to the findings from
the NGHP-1 scientific team (Collett et al., 2008).
Particle size distribution was determined for 34 different samples of the core using the laser
diffraction technique (ISO 13320-1 1999). A Malvern Mastersizer was used to conduct the
tests in conjunction with an autosampler to speed sample processing. Results from these tests
(Figure 5.14) suggests that the sediment is uniform, with approximately 20% of the particles
clay-sized, 75% silt-sized and the remainder sand-sized. There is little variation between the
subsamples, or the sediment analysed from the two separate cores. This consistent particle
size, combined with the low organic content means the sediment can be considered devoid of
fabric (Rowe, 1972). Standard soil mechanics tests could therefore be carried out and analysed
without the need to account for heterogenetity in the samples.
Water Content
The water content of the sub-samples was determined in accordance with BS1377: Part 2
1990. Each sub-sample was weighed before and after being oven dried, with water content then
expressed as a percentage of the dry weight of the sediment (Table 5.1). The water contents
obtained for the subsamples range between 64 and 82%, a range that corresponds to the water
contents recorded during the NGHP-1 cruise (Collett et al., 2008). The overall arithmetic
mean of the water contents from all the samples is 73.3%. The high values (+80%) recorded
from section 66-86cm may be due to the inclusion of extra water freed by hydrate dissociation.
Although care was taken to avoid hydrate accumulations when collecting the subsamples, some
hydrate may have been included and thus influenced the measured water contents.
Salinity
The salinity of the pore water was found from the chloride ion concentration, using a Dionex
ICS2500 ion chromatograph. Pore water was extracted from the samples by use of a centrifuge.
Nine salinity values were then obtained that corresponded to the parts shown in Appendix B.
The validity of the readings were ensured through calibration of the equipment with single an-
ion and seawater standard solutions. The average salinity for all the samples was found to be
36.7g/l, a value slightly higher than that of seawater (34g/l). The chloride ion concentrations
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Water Total Organic Inorganic
Content carbon carbon Salinity Chloride
Core Section Part (%) content (%) content (%) (g/litre) (Mmol/kg)
NGHP-1-
10B-08Y
6–26cm Part A* 64 2.6 0.8 41 634
Part B 72 2.5 0.7 35 550
26–46cm Part A(i) 68 2.7 0.9 44 689Part A(ii) 76
Part B 69 2.7 0.8 40 –
46–66cm Part A(i) 77 3.0 0.8 38 588Part A(ii) 75
Part B(i) 71 2.6 0.8 38 585Part B(ii) 77
Part C 72 – – – –
66–86cm Part A(i) 78
2.8 0.7 27 419Part A(ii) 82
Part A(iii) 81
Part B 81 – – – –
Part C 69 – – – –
NGHP-1-
21C-02E
23–46cm Part A* 56 2.1 0.5 31 488
Part B 69 2.8 0.5 33 513
Table 5.1: Details of section sub–samples of the frozen cores delivered from NGHP-1. Core section
parts are illustrated on the frozen core photographs in Appendix B. *Denotes sample reserved for reso-
nant column testing.
Figure 5.14: Particle size distribution for 34 sub–samples of the NGHP-1 sediment
5: TESTS ON NATURAL HYDRATE SAMPLES 148
of the cores measured during the NGHP-1 cruise give a slightly lower value than those mea-
sured here. A range of concentrations between 398 and 634mM/kg were recorded on the boat,
whereas laboratory tests give a variety of values between 419 and 689mM/kg. It is possible
that the formation of hydrate in a sediment drives up the pore water salinity as fresh water is
incorporated into the hydrate structure. The high values of salinity found in the sub–samples
could therefore represent the actual pore water salinity of the sediment when hydrate is present,
whereas the pore water salinity observed by the NGHP-1 scientific crew may have been lower
due to hydrate dissociation.
5.3.2 Index and Strength Testing
Once the core sections had been sub-sampled, the remaining material was unfrozen so that
index and strength tests could be undertaken. Tests on the subsamples had shown that the
sediment across the cores was uniform, so all the core sections were combined to give approx-
imately 1.5kg of material for testing. Specific gravity, undrained shear strength, liquid and
plastic limit tests were conducted on this combined material. As the sediment contained hy-
drate before being unfrozen, the combined material would contain additional water to its in-situ
content due to hydrate dissociation.
Specific Gravity
The density of the sediment grains relative to water (specific gravity or grain density) is deter-
mined by using the density bottle method for fine grained sediments, as described in BS1377:2
(1990). The value for the combined NGHP-1 material was found to be 2.74 in laboratory tests,
which fit withiin the range of values found during the cruise (found using the method given by
ASTM-D5550-06). On board measurements recorded grain densities ranging between 2.44 to
2.86g/cm3, but with an average of 2.71.
Liquid and Plastic Limit
The plasticity of the combined NGHP-1 sediment was determined using the cone method for
the liquid limit, and rolling method for the plastic limit (BS1377:2 (1990)). The initial water
content of the combined material was found to be 75.5% and so lower water contents were
acheived through air drying, whilst higher water contents were obtained by adding more water
to the material. Water with a salinity of 35g/l was used to increase the material’s water content,
so as to match the high pore water salinity observed from the subsamples. Additionally, a
further liquid limit test was conducted on the material after it had been air dried, ground down
and washed with distilled water to remove it’s salinity. The results of both tests are shown in
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Figure 5.15: The liquid limit of the NGHP-1 combined material (BS1377:2, 1990) represented by cone
penetration plotted against water content.
Figure 5.15, presented as cone penetration against water content.
The liquid limit is defined as the water content where penetration of a 80g, 60◦ cone is equal
to 20mm. Figure 5.15 shows this to be at 81% for the material at in-situ salinty, but that this
value increases once the material has been washed and wetted with distilled water to 96%. The
plastic limit was found to be 33% for both the orignal and washed material. The liquid and
plastic limits of a material can be considered as indicators of shear strength at two different
water contents (Powrie, 1997). The liquid limit for the materials tested here represents a shear
strength of 1.7kPa, whereas the plastic limit is approximately 100 times this value, at 170kPa.
At a given water content, it is clear from Figure 5.15 that pore water salinity has an effect
on the shear strength of a clay, with the liquid limit increasing by 15% as the pore water was
freshened in the combined material.
One of the basic phenomena of clay colloid chemistry is the effect of salt on dispersed clay
particles in water. A few tenths of a percent of salt is enough to cause dispersed clay particles
to start sticking together. This occurrence, called “flocculation”, is due to the natural electrical
charge on the surface of clay particles, and the interference of salt ions on the repulsive forces
of this charge. In a fresh water solution, the negative charge on each clay particle causes them
to attract oppositely charged water molecules that become bound to the surface of the particle
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Figure 5.16: A schematic representation of the diffuse double layer as described by Van Olphen (1977)
in what is called the “diffuse double layer” or DDL (Figure 5.16). The thickness of the DDL
in fresh water (less than 10−6cm (Weaver, 1989)) means attractive Van der Waals forces are
unable to overcome the natural repulsion of each clay particle with the other, and the material
remains dispersed. The addition of salt brings ions into the solution that counteract the negative
charge on the particle surfaces, and so the DDL is reduced in thickness. Once particle repulsion
is reduced and the DDL is thinner, the Van der Waals forces in the atoms of every clay particle
cause them to be attracted to one another and they flocculate (Van Olphen, 1977). Flocculation
causes clay sediments to have a higher strength than sediments where the clay particles are
dispersed (Van Olphen, 1977). It could be expected therefore, that by washing the NGHP-
1 material, one would decrease the strength of the material as the clay would no longer be
flocculated. The liquid limit results shown in Figure 5.15 suggest that this is not the case for
the NGHP-1 material, so there must be a different interaction between clay particles and the
DDL than that suggested above.
Van Olphen (1977) suggests that clay particles may have a variable charge across their shape,
with the flat surfaces (faces) holding a different charge to the edges. This means that the clay
particles have the potential to flocculate even when the DDL is thick (i.e. in fresh water).
Van Olphen (1977) suggests there are three ways the particles can interact with each other:
face-to-face (FF), edge-to-face (EF), and edge-to-edge (EE) (Figure 5.17). The EF and EE
associations create flocs that have a voluminous “card house” structure, and can form due to
the differing electrostatic charges on the edges and faces of the particles (Van Olphen, 1977).
FF associations are generally caused by Van der Waals attractive forces and are referred to as
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(a) Edge to Face (EF) (b) Edge to Edge (EE) (c) Face to Face (FF)
(d) Dispersed but flocculated (EF and EE associations only) (e) Aggregated but flocculated
(EF and FF associations)
Figure 5.17: Clay particle arrangements, from Van Olphen (1977)
aggregated rather than flocculated particles. In fresh water, FF associations do not happen, but
dispersed flocculation can occur (Figure 5.17(d)). The sediment could show a high strength but
still remain in a dispersed state. The addition of salt promotes FF associations and the floccu-
lation of aggregated particles can occur (Figure 5.17(e)), which also increases the strength of
the sediment.
Van Olphen (1977) states that the associations in Figure 5.17 can occur over a range of pore
water salinity values, but that there will be a point where the combination of repulsive elec-
trostatic and attractive Van der Waals forces will result in a minimum amount of flocculation
(and therefore a minimum shear strength of the clay sediment). Through detailed studies, Van
Olphen (1977) has shown that this point occurs at different salinity values, depending on the
clay mineral. With regard to the NGHP-1 sediments, it appears that dispersed flocculation may
occur when the sediment is mixed with fresh water, giving it a higher strength in comparison
to the in–situ salinity conditions.
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Figure 5.18: The undrained shear strength against water content for the NGHP-1 combined material
Strength Testing
Once the liquid and plastic limits had been determined for the NGHP-1 material, an undrained
triaxial compression test was conducted to obtain a measure of strength under more controlled
conditions. The test was carried out on a 38mm diameter and 76mm high specimen, formed
from the combined NGHP-1 material. The specimen was tested according to BS1377:7 1990.
Values for undrained shear strength were obtained for the original water content, as well as
those achieved after consolidation at 100kPa and 200kPa. Combined with the results from the
plasticity tests the change in undrained shear strength with water content could be plotted for
the NGHP-1 sediment (Figure 5.18).
The triaxial test on the sediment at it’s original water content (69.3% was recorded for the
combined material) yielded an undrained shear strength of 6.2kPa. After the sediment had
been consolidated to 100kPa and 200kPa, the undrained shear strength increased to 26kPa and
98kPa respectively. The other points on Figure 5.18 are the undrained shear strengths found
from the liquid limit and plastic limit tests described previously.
Chandler (2000) has investigated the relationship between undrained shear strength and vertical
effective stress for reconstituted natural clay samples at in–situ conditions. By using data from
the literature, it was found that the undrained strength ratio varied very little at any given ver-
tical effective stress, for a range of normally consolidated natural clays, regardless of plasticity
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Figure 5.19: Strength results and corresponding vertical effective stresses from down hole NGHP-1-
10B. From Collett et al. (2008)
index. A mean value of 0.34 was obtained that describes the change in undrained shear strength
of any reconstituted natural clay with the effective stress at in–situ conditions. If considering
this relationship for the NGHP-1 sediment, the undrained shear strength of a reconstituted
sample should have been in the region of 95kPa, if taking the vertical effective stress in–situ
to be approximately 280kPa. By comparison, the values for shear strength recorded during
the NGHP-1 cruise, suggested the shear strength for the undisturbed material at 50mbsf to be
between 35–40kPa (Figure 5.19) (Collett et al., 2008).
It is possible that the low strength of the NGHP-1 core sediment is attributable to the high water
contents retained in the material. The presence of high water contents, and the strength results
given above suggest that the sediment was under–consolidated in–situ. The shear strength
analysis conducted on the sediments from hole NGHP-1-10B (core disturbance did not allow
strength tests to be conducted at hole NGHP-1-21C) by the NGHP-1 scientific crew (Collett
et al., 2008), suggest that clays near the surface were normally consolidated, and had not been
subjected to any geological processes that may have caused over–consolidation. However,
further down the sediment column the measured strength of the sediment remained consistent
(around 35-40kPa) to a depth of 80mbsf, reinforcing the hypothesis that the sediment was
under–consolidated (Figure 5.19).
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Under–consolidation can occur in deep sea sediments due to overpressure (Gibson, 1958;
Dugan & Flemings, 2000; Dugan & Germaine, 2008). Overpressure is the condition in a sedi-
ment when the pore pressure is higher than hydrostatic pressure. It can occur in regions where
there is rapid sedimentation, such as continental shelf environments with sediment influx from
large river systems (Dugan & Flemings, 2000). The sedimentation rate on the Bengal Fan
is estimated as 1.2mm/yr (Worm et al., 1998), a high value conducive to elevated pore pres-
sure development. Additionally, Dugan & Flemings (2000) suggest that fluid influx can also
cause overpressure in a formation. The site of holes NGHP-1-10B and -21C are situated on
the crest of a tightly folded ridge structure, with many fractures providing conduits for gas and
fluid flow. The sedimentation rate and underlying geological structures are appropriate for an
area exhibiting overpressure, which in turn may have allowed for the under–compaction of the
NGHP-1 sediments and the sediment to retain a high water content.
An alternative consideration is the influence of salinity in creating an under–consolidated ma-
terial. As mentioned previously in the liquid and plastic limit section above, pore water salinity
has an effect on the fabric of a clay sediment. The interaction of clay particles determines
the internal arrangement of sediment grains, which in turn affects the ultimate void ratio of
the clay sediment. Van Passen & Gareau (2004) observed similar strength results to those for
the NGHP-1 samples in clays from the Caspian Sea. The geological conditions where the
cores were taken was not conducive to under–consolidation processes, and so it was suggested
that the under–compacted state of the clays was due to salinity variation. They found that the
Caspian Sea clay had an edge–to–face particle interaction, which had created a flocculated fab-
ric and high void ratio. The EF particle arrangement is a stable structure that resists the volume
change caused by increasing overburden pressure (Van Passen & Gareau, 2004). Considering
this, the high salinity of the pore water in the NGHP-1 samples may have given the clay a
structure in–situ that was destroyed when the sediment was remoulded for triaxial testing.
There is also another component of the sediment that may have contributed to it’s structure
at depth. The sediments from the NGHP-1 cruise contained a large quantity of gas hydrate
(Section 5.2.3) in the form of cross–cutting veins. If the hydrate formed in the sediment before
significant overhead sedimentation and application of overburden pressure, the hydrate may
have formed a framework that would support the sediment and allow it to maintain a high void
ratio. It is therefore possible that the presence of hydrate in the NGHP-1 cores is responsible
for the apparent under–consolidation of the sediment.
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Hydrate Drop in Original Increase
Core Void Content Salinity salinity water in water
Section Length Part Ratio (%) (g/litre) (g/litre) content (%) content (%)
NGHP-1-
10B-08Y
6–26cm top 1.76 23.3 41 7.3 64.3 13.9
bottom 1.97 33.8 35 9 71.9 24.7
26–46cm all – – – – – –
46–66cm top 2.04 46.3 38 13.1 74.5 39.4
bottom 2.04 31.4 38 9.1 74.5 23.4
66–86cm top – – – – – –
bottom 2.19 52.0 27 10.5 80.1 51.1
NGHP-1-
21C-02E
23–46cm top 1.55 42.0 31 9.5 56.7 25.2
bottom 1.89 44.6 33 10.9 69.0 34.2
Table 5.2: Tabulated volume, salinity and water content measurements for NGHP-1 core sections. In-
cludes estimated values for decrease in salinity and increase in water content due to hydrate dissociation
5.3.3 The Impact of Hydrate Dissociation on a Host Sediment
Having conducted a number of geotechnical tests on the material from the NGHP-1 core sec-
tions, the influence of gas hydrate dissociation on host sediment properties can be discussed.
Index tests such as water content, porosity, bulk density, grain density and strength tests were
conducted during the NGHP-1 cruise, however more complex testing on the hydrate bearing
sediments was not possible due to poor sample recovery. The tests conducted at Southampton
University are therefore the first of their kind to shed light on the effects of changing salin-
ity, water content and structure of a sediment when hydrate dissociates in a specific natural
sediment.
The Effect of Salinity
Hydrate dissociation in a sediment will reduce the salinity of the pore water by the release of
fresh water. The degree of freshening depends on the initial salinity of the pore water, and the
hydrate content of the pore space. By taking the measured salinities of the sub–samples in Table
5.1 as the in–situ values for pore water salinity in the presence of hydrate, the expected fresh-
ening from dissociation can be calculated in each core. The large volumes of hydrate, which
are not pore filling, mean that large fresh water influx would occur during dissociation. Table
5.2 gives the reduction in salinity and the corresponding hydrate content for each core section.
The data shows that hydrate dissociation would cause a drop in salinity ranging from 7.3g/l for
section NGHP-1-1-B-08Y 6-26cm top, to 13.1g/l for section NGHP-1-10B-08Y 46.66cm top.
Previous experimental results on the strength of clay materials with regard to salinity, highlight
the complexity of the subject. Skempton & Northey (1952) observed a reduction in the liq-
uid limit of artificially sedimented clays when the salinity of the sediment was reduced from
35g/l to 5g/l. Converse to this, Van Passen & Gareau (2004) saw an exponential increase in
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liquid limit as they decreased the salinity of remoulded clay samples towards zero. Bjerrum
& Rosenqvist (1956) have shown a reduction in liquid limit as the salinity was reduced in ar-
tificially sedimented clays similar to Skempton & Northey (1952), but once the salinity was
reduced to zero, recorded the highest strength of all sediments tested. The results from tests on
the NGHP-1 sediment also showed an increase in liquid limit from the sediment with in–situ
salinity compared with the value using fresh water. Van Olphen (1977) has shown that differ-
ent clay particles actually have different initial double–layer structures, and so their reaction to
electrolytes differ dramatically. As a result, Van Olphen states that it is difficult to predict the
behaviour of any particular clay with changing salt content.
The Effect of Water Content
Table 5.2 gives the estimated increase in water content from hydrate dissociation, if the values
given in Table 5.1 are taken as the true water content in–situ in the presence of hydrate. The
water released from hydrate dissociation was simply added to the original value in order to
determine the change in water content. The table shows that the high volume of hydrate in the
cores would cause a significant increase in the water content of the host sediment. The smallest
increase is seen in the NGHP-1-10B-08Y core section 6-26cm: top, at 13.9%, with the large
hydrate contents recorded in section 66-86cm of the same core giving a 51.5% increase. The
curve in Figure 5.18 shows that such changes in water content could cause significant decreases
in strength of the host sediment.
The Effect of Hydrate Morphology
It is suggested that the main impact from hydrate dissociation in the NGHP-1 sediment would
be the loss of a structural component that may be supporting much of the overburden pres-
sure. Visual observation and CT imaging techniques have revealed significant crosscutting
vein structures, which may have allowed the sediment to retain a high water content and low
undrained shear strength. Hydrate dissociation would see the removal of this rigid supporting
framework, meaning the application of the full overburden pressure on the remaining sediment.
It is likely that this would cause significant instability in overlying strata as the previously hy-
drate bearing sediment undergoes significant settlement.
5.4 Summary of Natural Sediment Testing
Observations and measurements have been made on a number of core sections made available
to Southampton University from the NGHP-1 cruise. Interpretation of 3D CT imaging revealed
high volume, sub–vertical vein structures with preferential orientations. The nature of the veins
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coupled with the tectonic history of the area, suggests that hydrate was formed from hydraulic
fracturing by the influx of fluid and gas from below (Holland et al., 2008). The high volumes
of hydrate observed in these veins challenges the ability of remote geophysical and seismic
methods to quantify hydrate accumulations.
3D imaging and external visual observation of the cores also highlighted severe sample distur-
bance due to handling methods. Current methods of transporting and storing natural hydrate
samples need to be improved if successful laboratory testing is to be undertaken in the future.
Investigation into the geotechnical properties of the host sediment revealed it to have a very
low remoulded undrained shear strength, in conjunction with a high water content and high
plasticity. The results indicate a sediment that is under–consolidated, however, the high salinity
of the pore water may have induced a structure within the clay that was destroyed during
remoulding, so giving an unexpected low undrained shear strength. It is also suggested that
hydrate may have formed a framework that supported the overlying sediment, and allowed the
host clay to retain a high water content.
The effects that the dissociation of a body of hydrate such as this could have on the mechanical
properties of its host sediment appear to be significant. Dissociation would cause an increase
in water content, decrease in salinity and also result in the removal of a potentially key struc-
tural component of the sediment. The complexity of clay colloid chemistry means definitive
conclusions with regard to the effect of salinity on the NGHP-1 sediment are not possible, but
it can be estimated that the reduction in salinity with hydrate dissociation may cause a large
increase in sediment strength. However, the water content changes seen with dissociation may
very well mask any salinity effects. The large volumes of hydrate in the NGHP-1 cores means
the water content of the host sediment could increase by up to 50%. This would cause signifi-
cant changes to the strength of the material, which would have a major impact on the stability
of the sediments in the region. Finally, the supportive nature of vein–like gas hydrate can only
be evaluated when reliable methods of testing natural hydrate samples at in–situ conditions can
be developed.
Chapter 6
CONCLUSIONS AND SUGGESTIONS
FOR FURTHER WORK
Accurate assessment of the value and distribution of global gas hydrate requires the under-
standing of how hydrate affects host sediment properties. From observations of natural hydrate
deposits, it has been established that gas hydrate can take on a number of morphologies in
sediments, which in turn will dictate the impact of hydrate on its host material. To determine
which hydrate morphology will be found in each sedimentary environment, controlled labora-
tory experiments must be carried out that will generate data that is comparable with seismic
surveying results. Alternatively, numerical modelling methods can be used to predict the im-
pact of hydrate presence on sediment properties, but these methods require a full understanding
of the interaction of hydrate with sediment particles.
This thesis presents a review of laboratory investigations into the gas hydrate phenomena, and
identifies the points where information on the formation of methane hydrate in sediments is
lacking (Chapter 2). In response to the gap in the knowledge highlighted in Chapter 2, a set
of experiments were designed to form methane hydrate in sand, under water rich conditions
(Chapter 3). Further investigations were made into hydrate formation by constructing four
specimens of different sediment types and growing hydrate inside them (Chapter 3). The results
from both sets of laboratory experiments were analysed with regard to the affect of hydrate on
seismic velocity and attenuation (Chapter 4). Finally, a number of natural hydrate samples
gave the opportunity to observe the morphology of hydrate in fine grained materials in detail,
as well as undertake detailed geotechnical tests to investigate the affect of hydrate dissociation
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on sediment properties (Chapter 5). This chapter summarises the conclusions that can be drawn
from each set of investigations, before making some suggestions on how the GHRC can be used
to continue with work on gas hydrates.
6.1 Conclusions
Firstly, a number of conclusions can be drawn from the literature review which highlight the
deficiencies in gas hydrate knowledge to date. It is apparent that due to the range of seismic
velocities gained during deep sea drilling and seismic surveying, researchers are still uncertain
of the velocity profiles expected from gas hydrate bearing sediments. The laboratory testing of
natural samples that could augment results from remote sensing techniques have been limited,
as the methods to transfer intact hydrate samples into equipment for in–depth geotechnical
testing do not currently exist. Laboratory testing of gas hydrates is therefore focused on syn-
thetic hydrate bearing sediments. The challenges involved in artificially growing gas hydrate in
the laboratory have caused some researchers to move away from using methane as the hydrate
former. Additionally, hydrates are often formed in materials such as glass beads and silica gel
instead of natural sediment types. Evidence from the literature suggests that the results from
tests such as these may be distorted, and not applicable to natural hydrate deposits. By look-
ing at published results from different hydrate tests, it appears that formation methodology for
synthetic hydrates influences the morphology of hydrate in the pore space. To date, no work
has been done where hydrate has been formed in comparable materials and under consistent
conditions so that hydrate morphology can be analysed with regard to formation methodol-
ogy. Additionally, little work had been conducted on forming hydrate in sediments other than
homogeneous sands.
By considering the above conclusions from the literature, an experimental methodology was
developed to form hydrate in fully water saturated sands out of the free gas phase, and a new
technique for synthesising methane gas hydrate in the Gas Hydrate Resonant Column was
established. This method allowed for the direct comparison of results with those from the
work of Priest (2004), where hydrate was formed in partially saturated sands, and a number
of conclusions about the morphology of hydrate in the pore space could be drawn from this
comparison.
Primarily, it was found that hydrates formed in fully saturated or “excess water” conditions
have no effect on host sediment shear and longitudinal wave velocities until 30% of the pore
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space has been filled with hydrate. Further analysis of the effective stress dependency of sedi-
ments containing hydrates grown in excess water conditions showed that there was little change
in dependency from 0% to 40% hydrate content. Hydrates grown in these conditions therefore,
do not bond the host sediment at hydrate contents of 40% and below. This observation is in
contrast to the results of Priest (2004) who showed hydrate acting as a bonding agent when
formed in partially saturated or “excess gas” conditions. Comparison of results from this re-
search and a number of numerical models suggests that formation conditions greatly influence
the morphology of methane hydrate in the pore space. It can be concluded that a consideration
of the conditions of hydrate formation must be made when attempting to interpret the seismic
signatures of natural hydrate deposits.
Additional findings from the investigations into hydrate formation technique relate to the at-
tenuation results from the set of excess water tests. It was found that sediments containing
hydrates formed in excess water conditions show an almost linear relationship between hy-
drate content and attenuation increase. It is suggested that this increase was due to the increase
in pore surface area that occurs due to hydrate presence, and the resultant increase in “squirt
flow”. It is also possible that the porous hydrate grains allow water movement through hydrate
grains themselves, and thus also contribute to viscous fluid losses. It would appear therefore,
that attenuation change is more sensitive than seismic velocity to hydrate content fluctuations
in excess water environments. It is possible that measurements in attenuation could become a
more useful tool in quantifying hydrate content in deep seas deposits in the future.
Along with successfully developing a method of forming homogeneous methane hydrate in
sands in excess water conditions, the secondary aim of this research was to form methane hy-
drate in sediments with a variety of particle size and shape, but out of excess gas conditions.
This was achieved by forming hydrate in sediments comprising of a mixture of different sand
grades and 0.1mm mica particles. Initially, the results from these tests showed that the addi-
tion of 10% methane hydrate to specimens of a variety of sediment types caused bonding in
each case, although the degree of bonding, and therefore increase in shear and longitudinal
wave velocity in each specimen varied depending on sediment type. Analysis of the shear and
longitudinal wave velocities from each specimen showed that the addition of 10% by weight
fine grained LBE sand to coarse grained LBB sand increased the bonding affect of methane
hydrate, when compared with bonding in a pure LBB sand specimen. The addition of 10% by
weight 0.1mm Mica to an LBB specimen, decreased the bonding affect of hydrate. It could
be concluded therefore, that the surface area of the grains influences the change in shear and
longitudinal wave velocity seen in each specimen that is caused by hydrate inclusion, and that
the largest surface areas of grains inside a specimen correlate to the lowest increase in seismic
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velocity.
The final aim of this research was to observe and analyse the morphology of natural gas hydrate
deposits. Five samples from the Indian National Gas Hydrate Program were made available to
the University of Southampton, containing methane hydrate within frozen fine grained sedi-
ment. CT scanning and a series of geotechnical tests were conducted on the samples, from
which a number of conclusions could be drawn. Firstly, the imaging of the samples revealed
that there was significant disturbance in each sample due to the expansion of dissolved gas in
the pore water as the sample was removed from the pressure corer and transferred to liquid
nitrogen. Further high resolution three–dimensional imaging of hydrate samples revealed high
volumes of gas hydrate formed in vein structures in a fine grained clay. Analysis of the geom-
etry of the hydrate veins showed a preference for the veins to grow in two distinct orientations.
Volume analysis revealed high hydrate contents in each sample measured (from 8% up to 60%
in places). It was concluded from these observations that large volumes of hydrate could exist
in veins in a fine grained host sediment.
Once the five core samples had been scanned and photographed, it became obvious that the
degree of disturbance of the samples would make direct testing in the GHRC impossible. The
methane hydrate was therefore dissociated and the host sediment analysed to discover the po-
tential impact of large scale hydrate dissociation.
A number of geotechnical tests were conducted on the host material including water content,
particle size distribution, organic content, salinity and index and strength tests. The sediment
was comprised predominantly of silt–sized particles with a low organic content and so was
presumed to exhibit no fabric (Rowe, 1972). The water content of the sediment cohabiting
with the hydrate was found to be high, at 73%, with a high salinity measured at 36.7g/l. The
sediment was found to have a high plasticity, with a liquid limit of 81% and plastic limit of
33% at in–situ salinity. Once the sediment had been washed to remove salinity, the liquid limit
increased by 15%. This increase in strength was thought to be due to the flocculating nature of
the particular clay particles in the NGHP-1 samples, although firm conclusions on this subject
can not be made without further investigation into the clay mineralogy of the sediment.
When the host sediment was tested in a triaxial apparatus, it was revealed to have a very low
remoulded undrained shear strength (about 6kPa), which led to the assumption that the sedi-
ment was under–consolidated in–situ. The geological location of the sediment was such that
sedimentation rates and upward migrating pore fluids could have contributed to overpressure in
the formation, and allowed the sediment to retain a high water content. It was concluded how-
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ever, that a number of factors could have given the sediment a structure in–situ that may have
caused this under–consolidation. Initially, the high salinity of the pore water may have caused
flocculation of the clay particles that gave the sediment a structure that was destroyed during
remoulding. Additionally, the presence of a “honeycomb” of hydrate veins may also have given
the sediment support which allowed it to retain a high water content and low strength at almost
300kPa overburden pressure.
When considering the volumes of hydrate seen in the NGHP-1 samples, it was found that dis-
sociation of such a hydrate presence could increase the water content of the sediment by up
to 50%. This would cause significant changes in the strength of the material. The decrease
in salinity caused by this hydrate dissociation may cause the sediment to increase in strength,
however this affect may be masked by the impact of water content increase. It was concluded
therefore, that hydrate dissociation would not only alter the strength of the host sediment by
causing an influx of fresh water, but also result in the removal of a potentially important struc-
tural component of the sediment.
6.2 Recommendations for Further Work
Following on from the research presented in this thesis, there are a number of suggestions that
can be made for future work involving the Gas Hydrate Resonant Column. Further investiga-
tions into synthetic, laboratory grown hydrates could take the following directions:
• It is clear that methane hydrate affects sediments differently depending on particle size
and shape in “excess gas” conditions. The formation of hydrate in different sediment
types, using “excess water” conditions would investigate if this were true for hydrates
which do not cement the sediment, but form part of the load bearing frame. The sediment
mixes utilised in the different sediment type tests described in Section 3.4 could be used,
with the results directly comparable to the results given in this thesis.
• The concerns highlighted in the literature regarding the affect of hydrate former could be
investigated in the GHRC by using an alternative gas to form hydrate. The substitution
of carbon dioxide for methane gas could be made with identical tests carried out as those
presented in this research, allowing for direct comparison of how methane and carbon
dioxide hydrate affect sediment properties.
• Developments in methods of making hydrate from dissolved gas (Spangenberg & Ku-
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lenkampff, 2005) could allow for methane or carbon dioxide hydrate to be made out of
solution. Slight modifications to the GHRC may be necessary for this to be carried out.
These tests would also give a direct comparison with the results in this thesis, which
would increase information on the morphology of hydrate grown under different condi-
tions.
With regard to apparatus development, it would be advantageous to be able to measure com-
pressional wave velocity of saturated specimens directly, rather than the indirect method cur-
rently used from flexure. Conversion of the GHRC to take such measurements could be done
via the addition of a Drnevich “Long–Tor” drive head.
The testing of natural methane hydrate samples in the GHRC has a long way to go before
becoming a serious application of the apparatus. At present, there are not the facilities to
transfer hydrate samples at in–situ conditions into the resonant column. If depressurisation of
samples could be done without the degree of sample disturbance documented in Chapter 5, it
may be possible to transfer them into the GHRC for resonant column testing. However, a better
coarse of action may be to use the GHRC in conjunction with pressurised core loggers such as
Geotek’s multi–sensor core logger: pressure (Schultheiss et al., 2008).
The high resolution CT scanning equipment available at the University of Southampton could
provide further insight into hydrate morphology, in natural and synthetic samples. Forming hy-
drate in a number of sediments in the GHRC and freezing before depressurisation would allow
for the hydrate to be observed through CT scanning. If samples 10mm in size were scanned,
features larger than 8µm could be distinguished by the scanner. With regard to imaging nat-
ural samples, any further observation at high resolution progresses the knowledge of hydrate
morphology in the field, and so can surely be a worthwhile endeavour.
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APPENDIX A
Cementing Models
The contact cement theory (CCT) predicts the effective bulk and shear modulus of a dry ce-
mented sphere pack to be (Dvorkin et al., 2000):
KCCT =
n(1− φc)
6
(Kc +
4
3
Gc)Sn
GCCT =
3
5
KCCT +
3n(1− φc)
20
GcSτ
Where Kc and Gc are the bulk and shear moduli of the cement respectively; φc is the critical
porosity of the uncemented grain pack; and n is the average number of contacts per grain.
Parameters Sn and Sτ relate to the normal stiffness of a cemented two grain combination. It
depends on the amount of contact cement and the properties of the grains and cement as defined
by the following relationships (Mavko et al., 1998; Dvorkin et al., 2000):
Sn = Anα
2 +Bnα+ Cn
An = −0.024153Λ−1.3646n
Bn = 0.20405Λ
−0.89008
n
Cn = 0.00024649Λ
−1.9864
n
Sτ = Aτ (Λτ , ν)α
2 +Bτ (Λτ , ν)α+ Cτ (Λτ , ν)
Aτ (Λτ , ν) = −10−2(2.26ν2 + 2.07ν + 2.3)Λ0.079ν
2+0.1754ν−1.342
τ
Bτ (Λτ , ν) = (0.0573ν
2 + 0.0937ν + 0.202)Λ0.0274ν
2+0.0529ν−0.8765
τ
Cτ (Λτ , ν) = −10−4(9.654ν2 + 4.945ν + 3.1)Λ0.01867ν
2+0.4011ν−1.8186
τ
Λn =
2Gc
piG
(1− ν)(1− νc)
1− 2νc
Λτ =
Gc
piG
Where G and ν are the shear modulus and Poisson’s ratio of the grain material respectively; and
Gc and νc are the shear modulus and Poisson’s ratio of the cement, respectively. The parameter
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α defines the amount of contact cement, by relating the critical porosity φc and the reduced
porosity of the grain pack with hydrate presence φ to the number of grain contacts n (Dvorkin
et al., 2000). The cement configurations depicted in figure 2.6 are accounted for by two forms
of α:
(a) : α = 2
[
φc − φ
3n(1− φc)
]0.25
(b) : α =
[
2(φc − φ)
3(1 − φc)
]0.5
The above CCT theory is only valid for small concentrations of cement, namely those that give
a residual porosity greater than approximately 25%. Dvorkin et al. (1999b), however, have
extended CCT to higher cement concentrations by combining it with other effective medium
modelling techniques.
Pore filling model
Gassmann (1951) found the bulk modulus of a saturated sediment by using the bulk moduli of
the constituent parts:
K = Kd +
(1− Kd
Km
)2
φ
Kf
+ 1−φ
Km
− Kd
K2m
Where Kf is the bulk modulus of the fluid; Km is the average bulk modulus of the soil grains;
Kd is the bulk modulus of the dry frame; and φ is the porosity of the rock.
The altered fluid bulk moduli can be found from the Reuss (1929) isostress average of the water
and gas hydrate bulk moduli (Kf and Kh respectively):
Kfh =
[
Sh
Kh
+
1− Sh
Kf
]
−1
Where Kfh is the resultant bulk modulus for the hydrate/water mix and Sh is the volumetric
concentration of hydrate in the pore space.
As G is not affected by water content, shear modulus is found for the dry sediment frame,
via the Hertz–Mindlin contact theory, and modified Hashin–Shtrikman bounds (Dvorkin et al.,
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2000).
The effective bulk KHM and shear GHM moduli of a dry sediment frame at critical porosity
are:
KHM =
[
n2(1− φc)2G2
18pi2(1− ν)2 P
] 1
3
GHM =
5− 4ν
5(2 − ν)
[
3n2(1− φc)2G2
2pi2(1− ν)2 P
] 1
3
Where G and ν are the shear modulus and Poisson’s ratio of the solid phase respectively; P is
the effective pressure; and n is the average number of contacts per grain.
For a sediment at less than critical porosity, a modified lower Hashin–Shtrikman bound is used
(Dvorkin & Nur, 1996):
Kdry =
[
φ/φc
KHM +
4
3
GHM
+
1− φ/φc
K + 4
3
GHM
]
−1
− 4
3
GHM
Gdry =
[
φ/φc
GHM + Z
+
1− φ/φc
G+ Z
]
−1
− Z
Z =
GHM
6
(
9KHM + 8GHM
KHM + 2GHM
)
Frame Building Model
To calculate the altered solid phase bulk modulus (Kmh) and shear modulus (Gmh), Hill’s
average formula can be used (Hill, 1952). :
Kmh =
1
2

 N∑
i=1
ϕiKi +
(
N∑
i=1
ϕi
Ki
)−1
Gmh =
1
2

 N∑
i=1
ϕiGi +
(
N∑
i=1
ϕi
Gi
)−1
Where ϕi is the volumetric fraction of the i-th constituent, Ki anf Gi are the bulk and shear
moduli for each constituent respectively, and N is the number of mineral constituents.
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APPENDIX B
3D CT images of NGHP-1 core sections
Figure B-1: Image of core section NGHP-1-21C-02E 23-46cm: top with the hydrate highlighted in
white and the voids stripped away. The rims of the voids are highlighted in blue.
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(a) Initial CT reconstruction of the top of the sec-
tion
(b) Image of the core section with the hydrate
highlighted in white and the voids stripped away.
The rims of the voids are highlighted in blue.
(c) Initial CT reconstruction of the bottom of the
section
(d) Initial CT reconstruction of the bottom of the
section
Figure B-2: 6-26 3D CT images
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Images of frozen cores
(a) 6-26cm
(b) 26-46cm
Figure B-3: Photographs of cores NGHP-1-10B-08Y, sections 6–26cm and 26–46cm in their frozen
state
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(a) 46-66cm
(b) NGHP-1-21C-02E core, section 23-46cm
Figure B-4: Photographs of cores NGHP-1-10B-08Y section 46–66cm and NGHP-1-21C-02E, section
23–46cm in their frozen state
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Figure B-5: Photographs of frozen core sections from core NGHP-1-10B-08Y with parts indicated.
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Figure B-6: Photograph of frozen core section NGHP-1-21C-02E 23-46cm with parts indicated.
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